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ABSTRACT 
In this work, I describe the characterization, engineering, and discovery of a new class of fluorescent 
reporters based on flavin-binding domains of light, oxygen, and voltage (LOV) sensing photoreceptor 
proteins. Flavin-based fluorescent proteins (FbFPs) are characterized by oxygen-independent maturation of 
fluorescence, which is a significant advantage compared to widely used fluorescent probes based on the 
green fluorescent protein (GFP) that are strictly dependent on oxygen for fluorescence. Broad application 
of FbFPs, has however, been hindered by an incomplete understanding of their performance and properties 
as viable fluorescent tags and by low levels of brightness of the existing set of FbFPs. In this work, I 
systematically addressed these issues with a view towards enabling pervasive application of FbFPs as a 
new set of fluorescent tags.1-4 First, I extensively characterized key biochemical and biophysical properties 
of existing FbFPs and demonstrated that aside from oxygen-independent fluorescence, FbFPs also exhibit 
rapid maturation of fluorescence (T1/2 < 2 min.), thermal stability (up to 60 °C), and a broad operational pH 
range (pH 4-11). Next, based on an improved understanding of FbFPs, I used directed evolution via site 
saturation mutagenesis to engineer 2-fold brighter mutants of an FbFP — F37S and F37T PpFbFP. Finally, 
I developed and applied a powerful approach based on genome mining to discover two new FbFPs from 
the fresh-water algae — Chlamydomonas reinhardtii and Vaucheria frigida (CreiLOV and VafLOV). 
Strikingly, CreiLOV emerged as the brightest known member of the FbFP library in addition to embodying 
several advantages in a single FbFP variant including a small size, monomeric form, robust photostability, 
broad operational pH and temperature range. Furthermore, I validated the application of FbFPs as 
transcriptional reporters for monitoring dynamic gene expression in Escherichia coli. FbFPs are at an early 
stage of development and their application as fluorescent tags for biological studies has only recently been 
pursued. From this perspective, my work presents a valuable framework to develop the emerging family of 
FbFPs, thereby potentially extending fluorescence imaging to an exciting class of biological systems that 
is intractable to GFP-based imaging (e.g., gene regulation in extremophiles, anaerobic pathogenesis, high 
density fermentations, hypoxic solid tumors, and human gastrointestinal microbiota).
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE 
1.1 Green fluorescent protein based reporters for biological imaging 
Fluorescent proteins play an integral role in biology by enabling molecular-scale imaging with remarkable 
spatial and temporal resolution [1-4]. Beginning with the discovery of the green fluorescent protein (GFP) 
and its heterologous expression in diverse cell types, GFP and related analogs are widely used as 
genetically-encoded reporters to observe and quantify cellular processes such as gene expression, protein 
localization, macromolecular trafficking, protein interactions, neurogenesis, tumor metastasis, bacterial, 
and viral infections [5-22]. GFP-based fluorescent proteins have been isolated from several distinct sources, 
including the jellyfish — Aequorea victoria and the sea pansy — Renilla reniformis, as well as from 
bioluminescent reef corals such as Entacmea quadricolor, Clavularia,  Anthozoa, and Discosoma sp [23-
30]. In addition, GFP and homologous proteins have been extensively engineered using directed evolution, 
consensus engineering, as well as structure-guided mutagenesis approaches to evolve fluorescent reporters 
with faster maturation times, enhanced brightness, improved photostability, a wide range of emission 
wavelengths, enhanced thermal tolerance, and improved efficiency of  Förster resonance energy transfer 
(FRET) [23, 31-39]. However, despite more than a decade of discovery and engineering of GFP-based 
proteins, all known GFP variants are strictly dependent on molecular oxygen for the oxidation of an internal 
tripeptide to form the mature π-conjugated fluorescent chromophore [4, 8, 40, 41]. Consequently, GFP-
based fluorescent proteins are dimly fluorescent to nonfluorescent in low-oxygen environments (Figure 1). 
Although GFP has been used as a fluorescent tag in anaerobic microbes (e.g., Streptococcus gordonii, lactic 
acid bacteria, yeast, and Enterobacter aerogenes) as well as in simulated hypoxic tumors, these experiments 
typically rely on post-maturation of GFP fluorescence by exposing the cells to air, which undermines true 
advantages of fluorescent proteins as real-time and noninvasive probes [42-49]. Furthermore, chromophore 
oxidation and development of fluorescence in GFP is a slow process and generally requires several minutes 
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for half-maximal fluorescence recovery even for fast maturing variants such as Venus [2, 3, 34, 36, 37, 41]. 
Slow maturation of fluorescence in GFP can limit its utility for studying highly dynamic cellular processes 
such as transcription of short-lived RNAs, neuronal spiking, and intranucleoid diffusion of chromosomal 
proteins.  
Aside from oxygen-dependent fluorescence, GFP-based reporters are also characterized by a large size 
(~ 240 amino acids) and a pronounced tendency to oligomerize, particularly in case of the reef-coral 
fluorescent proteins. Indeed, the large size of GFP imparts a substantial footprint in translational fusions, 
which can interfere with correct function, folding, and localization of the fusion partner [24, 26, 27, 29, 50]. 
For example, the large size of GFP was shown to impede successful infection of tobacco leaves using a 
GFP-expressing strain of the tobacco mosaic virus (TMV) [51]. Similarly, construction of GFP-tagged foot-
and-mouth disease virus (FMDV) was prevented by the inability of the virus to package the relatively larger 
GFP-coding mRNA [52]. Finally, GFP-based reporters also rapidly lose fluorescence at low pH, which 
limits its application as a fluorescent tag in acidic organelles such as vacuoles and endosomes. In fact, the 
inherent pH sensitivity of GFP constitutes a basis for the development of GFP-based intracellular pH 
sensors [12, 44, 53].  
For these reasons, GFP-based probes often have limited utility for investigating an extensive and 
outstanding class of biological systems such as extremophiles, viral infections, and anaerobic gene 
regulation. To address this challenge, there is a pressing need to develop improved alternatives to GFP. 
1.2 Fluorescent proteins for low-oxygen imaging 
Low-oxygen conditions are commonly encountered in high density fermentations, anaerobic sewage 
treatment, bioremediation, tumorigenesis, anaerobic pathogenesis, biofilm development, deep sea vents, 
and in several other medical and industrial bioprocess platforms [47, 54-67]. As GFP- based probes are 
nonfluorescent in these conditions, alternative methods for low-oxygen imaging have been developed that 
rely on exogenous small molecule-dependent reporter proteins such as O6-alkylguanine transferase and 
haloalkane dehydrogenase enzymatic tags (SNAP and HALO tags, commercially available from New 
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England Biolabs and Promega, respectively) [68-72]. Small molecule-based approaches enable 
fluorescence imaging using probes that are bright and available in a broad spectral range. However, small 
molecule-based fluorescent tags typically result in high levels of background fluorescence due to off-target 
labeling in addition to issues with cytotoxicity and poor cell permeability of most organic dyes [73]. 
Fluorescence imaging in anaerobic conditions can also be achieved using two recently developed oxygen-
independent tags — namely, an NADH-dependent blue fluorescent protein identified in a metagenomic 
screen and a synthetic tryptophan-cluster based tag, generally known as W-tag [74, 75]. The NADH-
dependent blue fluorescent protein, however, is tetrameric and very dimly fluorescent, which limits its 
practical utility. W-tags, though typically small, have excitation and emission peaks at 280 nm and 320 nm 
respectively, which is not desirable for live cell imaging owing to issues with cytotoxicity at these 
wavelengths.  
Infra-red fluorescent tags (IFP1.4 and iRFP) based on bacterial phytochromes derived from 
Rhodopseudomonas palustris and Deinococcus radiodurans, may also offer potential opportunities for 
anaerobic imaging as development of fluorescence in these proteins is not dependent on the oxidative post-
translational modifications that are required in GFP [76, 77]. Infra-red fluorescent proteins, however, 
fluoresce via covalent association with a biliverdin chromophore that is absent in most bacterial and 
archaeal cells. Furthermore, the proteins are large, dimeric, and development of fluorescence requires 
several hours for at 37 °C, which severely limits their general utility as practical fluorescent tags.  
In summary, the study of a wide range of anaerobic and semi-aerobic bioprocesses is extremely 
challenging using common fluorescent reporter proteins. In this regard, we also note that even luminescent 
reporters such as luciferase require oxygen for development of color or luminescence [78, 79]. As a result, 
the low-oxygen reporter toolbox  is severely inadequate for addressing a broad class of clinical, 
foundational, and applied problems in anaerobic biology. 
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1.3 Flavin-based fluorescent proteins 
Recently, a new class of oxygen-independent fluorescent reporters based on bacterial and plant sensory 
flavoproteins has been developed. Flavin-based fluorescent proteins (FbFPs) belong to a highly conserved 
family of light, oxygen, and voltage (LOV) sensing proteins (Figure 2) [51, 80]. LOV-domain proteins 
were first identified in plants as regulators of light-driven phenomena such as stomatal opening, phototaxis, 
and chloroplast translocation [81-84]. Subsequently, LOV proteins have been discovered in all three 
domains of life and are implicated in the regulation of diverse cellular processes including stress response 
and virulence [85-91]. In their native state, LOV proteins associate with flavin mononucleotide (FMN), 
which serves as a natural chromophore that exhibits absorption peaks in the UV-A and blue regions of the 
spectrum. As a result, LOV-domain proteins function as blue light photoreceptors that exhibit an elaborate 
photocycle upon absorption of blue light, involving: (1) conversion of the buried FMN to an excited singlet 
state, followed by (2) intersystem crossing to an excited triplet state with a red-shifted absorption peak at 
660 nm, (3) decay of the excited triplet state to a singlet state that forms a covalent adduct between FMN 
and a neighboring cysteine residue in the protein, which results in a blue-shifted absorption peak at 390 nm, 
(4) eventual return to the dark ground state by thermal relaxation. Formation of the FMN-cysteine adduct 
induces a conformational change in the LOV domain that is transduced to nearby effector domains, such as 
kinases, esterases, and DNA binding motifs [83, 92-101].  
Although FMN is a naturally fluorescent molecule (λem,max = 525 nm and λex,max = 450 nm), the blue light 
induced photocycle in wild type LOV proteins renders the protein-FMN complex nonfluorescent. In order 
to engineer fluorescent variants of the LOV proteins, the photochemical cycle was abolished through 
mutation of the active site cysteine residue to alanine [51, 80]. The Cys → Ala mutation prevents the 
formation of the covalent adduct between the protein and excited state FMN, thereby providing a molecular 
framework to engineer FbFPs (Figure 3). FbFPs based on the Cys → Ala mutation show a hypsochromic 
shift in fluorescence emission (λem,max = 495 nm) relative to free FMN in solution, while the excitation 
maximum remains unchanged (λex,max = 450 nm). Specifically, three members of the LOV-family of 
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proteins have been identified as flavin-binding fluorescent proteins (Figures 2 and 3): (1) BsFbFP, which 
is derived from the N-terminal LOV domain of the Bacillus subtilis YTVA protein implicated in regulating 
stress response [80, 88] (2) iLOV, which comprises the LOV2 domain of the Arabidopsis thaliana blue 
light photoreceptor phototropin (Phot2) that mediates light-driven responses including phototropism, 
stomatal opening, and chloroplast translocation [51, 82] and (3) PpFbFP, which is based on an 
uncharacterized sensory box protein, SB2 from Pseudomonas putida [80, 90]. Efforts to expand the library 
size of the LOV-based FbFP toolbox have been limited to a handful of studies. For example, DNA shuffling 
was employed to enhance the brightness of A. thaliana Phot2Cys→Ala mutant to develop iLOV [51], as well 
as to enhance the photostability of iLOV to develop phiLOV [102].  More recently, Song et al., described 
a molecular dynamics guided mutagenesis approach to enhance the thermal stability of the B. subtilis FbFP 
[103]. 
FbFPs from P. putida (PpFbFP) and B. subtilis (codon optimized for expression in E. coli and 
subsequently designated EcFbFP) have been shown to express and fluoresce in anaerobically cultivated E. 
coli cells under conditions in which the GFP-based yellow fluorescent protein (YFP) was nonfluorescent 
[80]. Furthermore, EcFbFP was shown to outperform YFP as a fluorescent reporter for real time monitoring 
of gene expression in E. coli cells cultivated using rich media [104]. Specifically, fluctuations in oxygen 
levels occurred as the E. coli cells transitioned from actively respiring exponential phase of growth to the 
stationary phase, thereby resulting in inaccurate assessment of promoter activity by the oxygen-dependent 
fluorescence of YFP. In contrast, excellent agreement was obtained between fluorescence levels of EcFbFP 
and mRNA measurements by reverse transcription PCR. Subsequently, fluorescence of FbFPs has been 
demonstrated using FbFP-based transcriptional fusions in anaerobically grown Roseobacter sp., 
Rhodobacter capsulatus, Bacteroides fragilis, Porphyromonas gingivalis, Candida albicans, and 
Saccharomyces cerevisiae, Bifidobacterium as well as in hypoxically cultured mammalian and neural stem 
cells [105-111]. Finally, in a recent study, a translational fusion between oxygen-independent EcFbFP and 
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oxygen-sensitive YFP was utilized as a real-time intracellular reporter of oxygen levels in the cytoplasm of 
E. coli cells [112]. 
Aside from applications involving low-oxygen imaging, FbFPs have also been pursued as general 
fluorescent reporters. For example, translational fusions between FbFPs and recombinant proteins have 
been utilized to optimize recombinant protein production and to improve the enzymatic stability of a 
hydroxynitrile lyase in weakly acidic conditions [113, 114]. FbFPs with their native cysteine residue (in 
particular, ytvA, which is the parent protein for EcFbFP) have also been pursued as potential probes for 
super resolution microscopy [115]. Finally, in a seminal study, Tsien and colleagues engineered an iLOV 
variant, (miniSOG) to develop a probe for correlated electron and light microscopy. In particular, miniSOG 
generated singlet oxygen upon illumination which catalyzed the oxidative polymerization of 
diaminobenzidene into an osmiophilic polymer enabling imaging using electron microscopy [76].   
In addition to oxygen-independent fluorescence, FbFPs are also characterized by a small size (~ 100-
140 amino acids), which is a significant advantage over bulkier GFP-based probes (238 amino acids) for 
generating minimally perturbative translational fusions. Chapman et al. capitalized on this key advantage 
by using the A. thaliana FbFP (iLOV) to track the development of infection by the tobacco mosaic virus in 
tobacco leaves. In this study, the authors observed that fusions to bulkier GFP molecules hindered effective 
viral invasion leading to the development of localized viral lesions [51]. In a similar approach, Seago et al. 
employed iLOV to tag a recombinant foot-and-mouth disease virus. Specifically, the authors demonstrated 
that while the larger GFP mRNA was excised from the viral genome via recombination, the smaller iLOV 
mRNA was stably integrated enabling real time tracking of viral infections [52].  
1.4 Motivation and specific aims 
Despite the considerable promise of FbFPs as biological tags, development, characterization, and 
application of FbFPs has been limited to only a handful of studies. In particular, in nearly 6 years following 
the discovery of FbFPs, application of FbFPs as fluorescent tags has been demonstrated in approximately 
14 published research articles, whereas only two works have reported on the  engineering of improved 
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FbFPs using DNA shuffling and model-guided engineering. These numbers are two orders of magnitude 
smaller than the 1658 articles that describe the application or engineering of GFP in period of 6 years 
following its discovery in 1994 (numbers estimated by querying Scopus for research articles that include 
“green fluorescent protein” in the title or abstract and as a keyword).   For these reasons, a full understanding 
of the performance and properties of FbFPs as practical fluorescent reporters is currently lacking, which 
further inhibits its wide application. Versatile application of FbFPs as robust imaging probes is also 
hindered by their limited brightness. Indeed, fluorescence emission from FbFPs is weak unless FbFPs are 
expressed at elevated levels using strong promoters. In order to fully realize the potential of FbFPs as new 
fluorescent tags, there is a pressing need to comprehensively characterize the existing set of FbFPs as well 
as to expand and diversify the FbFP library through discovery and engineering. In my thesis, I 
systematically addressed these critical issues through the following specific aims:  
Aim 1: To comprehensively characterize key properties of FbFPs as viable fluorescent tags (Chapter 3) 
Aim 2: To enhance FbFP brightness via protein engineering using directed evolution (Chapter 4) 
Aim 3: To discover new and improved FbFP variants using genome mining (Chapter 5) 
Aim 4: To develop fundamental biophysical insights on the development of fluorescence in FbFPs using 
protein-ligand interaction assays (Chapter 7)  
In addition, we also present proof-of-principle experiments that demonstrate the utility of FbFPs as a 
practical set of reporters for interrogating dynamic gene expression by using FbFP-based transcriptional 
constructs to monitor promoter activities in E. coli (Chapter 6). The development of FbFPs promises to 
fulfil a long-standing need in systems, synthetic, and cellular biology for fluorescent reporters that enable 
robust imaging independent of environmental factors. To this end, we anticipate that our results will 
encourage broader application of FbFPs, as well as provide a basic  framework to further engineer and 
optimize FbFPs as robust fluorescent tags. 
  
 8 
 
Figures 
 
Figure 1. GFP-based fluorescent proteins are dimly fluorescent in low-oxygen conditions. E. coli 
MG1655 cells expressing YFP were grown aerobically or under evacuated conditions using air-tight Balch 
tubes sealed with rubber stoppers. After growth and protein expression for 12-16 hours, cells were quickly 
loaded on a cover slip and imaged using fluorescence microscopy. Aerobically-grown cells exhibit bright 
YFP fluorescence whereas, anaerobically grown cells are substantially dimmer. 
 
Figure 2. LOV domains are the molecular scaffolds for developing FbFPs. FbFPs are derived from 
light, oxygen, and voltage (LOV) sensing domains of sensory flavoproteins — namely, YtvA (B. subtilis), 
Phot2 (A. thaliana), and SB2 (P. putida). LOV-based sensory flavoproteins are typically multidomain 
proteins with a one or two LOV-domain input modules that function as photoreceptors and a downstream 
effector module (e.g., kinase, esterase, DNA binding domain). The P. putida SB2 protein is an exception 
as the LOV domain is not coupled to a downstream enzymatic or DNA binding domain. STAS: sulfate 
transporter and anti-sigma factor  antagonist 
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Figure 3. Multiple sequence alignment between existing members of the FbFP library. Conserved and 
similar amino acids are shaded using identical colors. The alanine residues that result from the Cys→Ala 
mutation in the 3 FbFPs are boxed. The FbFPs share less than 50 % sequence homology.  
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 Chemicals, reagents, plasmids, and bacterial strains 
The following chemicals were purchased from Fisher Scientific (Pittsburgh, PA): Lennox broth (LB), 
ampicillin, kanamycin, agar, yeast extract, tryptone, Tris-HCl, urea, sodium chloride, sodium carbonate, 
sodium bicarbonate, sodium hydrogen phosphate, potassium hydrogen phosphate, ammonium chloride, 
potassium nitrate, manganese chloride, casamino acids, sodium citrate, isopropyl β-D-1-
thiogalactopyranoside (IPTG), agarose, and 10X phosphate buffered saline. Paraformaldehyde was 
purchased from Ted Pella (Redding, CA). Reagents and albumin standards for the Bradford assay were 
purchased from Thermo Scientific (Rockford, IL). Tris-glycine-sodium dodecyl sulfate running buffer, 10 
% Tween-20, and Coomassie Brilliant Blue dye were purchased from Biorad (Hercules, CA). Molecular 
weight standards for size exclusion chromatography (Biorad) were a kind gift from Prof. Isaac Cann 
(University of Illinois at Urbana-Champaign). Lysozyme, 5X M9 salts, poly-L-lysine, guanidine 
hydrochloride, spectinomycin, riboflavin, flavin adenine dinucleotide (FAD), and flavin mononucleotide 
sodium salt (FMN) were purchased from Sigma-Aldrich (St. Louis, MO). Nickel-chelating resin, plasmid 
miniprep and PCR cleanup kits, and the protein expression vector — pQE80L were purchased from Qiagen 
(Valencia, CA). The pET28a(+) expression vector was purchased from Novagen. The pUA139 promoter 
probe plasmid was originally constructed by Prof. Uri Alon and procured through Open Biosystems 
(Thermo Scientific). Reagents for western blotting, mouse anit-His6 primary antibodies, and horse radish 
peroxidase conjugated rabbit anti-mouse and donkey anti-rabbit secondary IgG antibodies were purchased 
from GE Healthcare Life Sciences. Rabbit anti-EcFbFP and anti-PpFbFP primary antibodies were 
purchased from Evoglow (Germany). Buffers and enzymes for error-prone and site directed mutagenesis 
were purchased from Agilent Technologies. Restriction enzymes (BamHI, HindIII, NheI, XhoI, and DpnI)  
Taq DNA polymerase, T4 DNA ligase, and Antarctic phosphatase were purchased from New England 
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Biolabs (Ipswich, MA). Expand High Fidelity DNA polymerase was purchased from Roche Biosciences. 
Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA). All oligonucleotide 
sequences are listed in Appendix A. E. coli DH5α cells (kind gift from Dr. Sandy MacMasters, 
University of Illinois at Urbana-Champaign) were routinely used for cloning and propagation of the 
FbFP genes and LOV domains. E. coli BLR (DE3) strains (EMD Chemicals) or wild type E. coli MG1655 
cells (kind gift from Prof. Chris Rao, University of Illinois at Urbana-Champaign) were used for 
protein expression.  
2.2 Bioinformatics analyses  
2.2.1 Selection of amino acid targets for saturation mutagenesis of PpFbFP  
A predetermined structure of the Bacillus subtilis blue light photoreceptor, YTVA [PDB: 2PR5_A] was 
used as a template to model the structure of PpFbFP. Homology modeling was implemented in the Swiss 
PDB Viewer version 4.0. An initial raw fit was first constructed by the iterative magic fit option. Amino 
acids showing steric clashes with the peptide backbone were corrected by iterative simulated annealing. 
The structure was energy minimized using the Gromos96 force field, and the final structure was validated 
by measuring the root mean-squared deviation of the Cα backbone and by inspecting the Ramachandran 
plot.  Amino acids (except glycine and proline) lying in the prohibited areas of the Ramachandran plot 
(specifically, Y50, D107, H13, A21, I48, V119) were omitted from further consideration. As further 
validation, we compared amino acids located in a chromophore-proximal 0.4 nm cavity surrounding FMN 
in the modeled structure with chromophore-proximal amino acids in the known crystal structures of 
homologous wild type LOV domain proteins from Chlamydomonas reinhardtii [PDB: 1N9L_A] and 
Arabidopsis thaliana [PDB: 2Z6D_A]. In all cases, an 80-85% agreement was obtained between the 
identities of the amino acids in the 0.4 nm cavity surrounding FMN in the modeled and the known X-ray 
diffraction structures. 
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2.2.2 Identification of LOV domains for genome mining 
Candidate LOV proteins were identified for screening based on sequence homology to the existing set 
of FbFPs, namely PpFbFP, EcFbFP, and iLOV. In particular, we used a combination of BLAST (using 
iLOV as the query sequence) as well as HMMER (using a multiple sequence alignment between iLOV, 
EcFbFP, and PpFbFP as query) to interrogate the NR and UniProt databases for homologous proteins. 
Expectation score cut-offs were set at 10-4 for BLAST and 10-3 for the HMMER search. Multiple sequence 
alignment was performed using ClustalW and implementing the Neighbor Joining (NJ) algorithm. For 
scoring alignments, we used the BLOSUM62 matrix with default penalties for gap opening and gap 
extension. Alignments were visually inspected using BioEdit Sequence Alignment Editor. Protein regions 
corresponding to LOV domains in the full length multi-domain LOV proteins were identified using Pfam. 
Sequences of all genes are provided in Appendix B. 
2.3 Molecular cloning techniques 
2.3.1 Cloning of FbFP genes and LOV domains for screening and purification 
PpFbFP, EcFbFP, and iLOV genes were synthesized by GenScript (Piscataway, NJ) or Integrated DNA 
Technologies (Coralville, IA). For the genome mining work, genes corresponding to the LOV domains 
were synthesized by Integrated DNA Technologies or amplified directly from the genome using PCR. The 
gene for the yellow fluorescent protein (YFP) was amplified from a CRIM promoter probe plasmid, which 
was a kind gift from Prof. Christopher Rao (University of Illinois at Urbana-Champaign). The genes were 
cloned in the pQE80L expression vector using BamHI and HindIII restriction enzymes. PCR amplification, 
restriction digestion, and ligation were accomplished using standard protocols. Briefly, PCR was carried 
out in 50 µL reaction volume using 1-10 ng of template DNA and 0.5 µM primers, 0.2 mM dNTPs and 2.5 
units Taq DNA polymerase. For the genome mining experiments, PCR was accomplished using Expand 
High Fidelity Taq DNA Polymerase and oligonucleotide primers corresponding to the boundaries of the 
LOV domains. The PCR cycle consisted of an initial denaturation at 94 °C for 2 minutes followed by 25 
cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 45 s (1 minute for YFP). A final extension step at 72 
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°C for 5-10 minutes was employed to complete synthesis of full-length templates. In some cases, the PCR 
products were digested with 10 units of DpnI at 37 °C for 1 hour in order to remove the methylated template 
DNA. Amplicons were digested with 10 units each of BamHI and HindIII restriction endonucleases at 37 
°C for 1 hour and subsequently ligated into pQE80L expression vector digested with BamHI and HindIII 
using similar reaction conditions. Ligation reactions were performed using 400 units T4 DNA ligase (New 
England Biolabs) in a 20 µL reaction volume at room temperature for 1 hour. All plasmid constructs were 
propagated by transformation in E. coli DH5α cells using heat shock at 42 °C or electroporation at 1.8 kV 
using a Gene Pulser electroporator (Biorad). Cells were plated on LB-agar supplemented with ampicillin 
or kanamycin for selection. Plasmids were isolated from E. coli DH5α transformants (Qiagen Miniprep kit) 
and used to transform E. coli BLR (DE3) or E. coli MG1655 cells for protein expression and gene 
expression studies. Primer sequences are listed in Appendix A. 
2.3.2 Construction of promoter probe plasmids pAM06 and pAM09 
Promoter probe plasmids pAM06-tet and pAM09-tet were constructed based on a previously reporter 
pUA139 promoter probe vector that expresses GFP cycle 3 mutant under the control of an upstream 
promoter of choice.  We engineered the plasmid to include a 3-frame stop codon and a strong synthetic 
ribosome binding site (RBS) between the GFP gene and the upstream promoter. The stop codon prevents 
out-of-frame translation and the synthetic RBS ensures strong and consistent translation initiation.   In order 
to make the promoter probe vector modular, we incorporated NheI and HindIII restriction sites flanking the 
GFP reporter gene. The ribosome binding site was flanked by KpnI and NheI restriction sequences. We 
constructed a synthetic phage lambda PL-tetO hybrid promoter by annealing complimentary 
oligonucleotides.  The promoter was ligated in the plasmid construct using BamHI and XhoI restriction 
enzymes and T4 DNA ligase. An rrnB2 transcriptional terminator was included upstream of the promoter 
to prevent divergent transcription. The modified promoter probe plasmid was designated as pAM06-tet. A 
promoter probe plasmid harboring iLOV was constructed by digesting pAM06-tet with NheI and HindIII 
and ligating iLOV, which had been digested with the same enzymes. This construct was designated pAM09-
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tet. Appendix A contains a list of oligonucleotide sequences corresponding to the primers, phage lambda 
promoter, synthetic ribosome binding site, and transcriptional terminator.   
2.3.3 Site saturation mutagenesis 
Site saturation mutagenesis was accomplished with the QuikChange™ Multi Site Directed Mutagenesis 
kit (Agilent Technologies) using degenerate oligonucelotides that substitutes the targeted codon with an 
NNK triplet (N: any nucleotide, K: G or T). Briefly, 300 ng of the pQE80L-FbFP expression vector was 
used as a template in a 50 µL ligation-during-amplification PCR, comprising an initial denaturation at 95°C 
for 1 minute and 30 cycles of 95°C for 1 minute, 55°C for 1 minute, 65°C for 12 minutes and a final extension 
at 65°C for 15 minutes. The products of the reaction are single stranded circular plasmids harboring a 
degenerate NNK substitution at the desired codon. The reaction was digested with DpnI as before to 
eliminate plasmids bearing the native FbFP gene. Plasmids were transformed to E. coli BLR (DE3) cells 
by heat shock transformation at 42°C. Transformants were selected by ampicillin resistance. Primer 
sequences are listed in Appendix A. Site directed mutagenesis was accomplished using the same protocol 
but with primer sequences that introduce the target mutation at the intended site in the gene (Appendix A). 
2.3.4 Random mutagenesis by error-prone PCR 
For generating random mutations in the PpFbFP F37S gene, error-prone PCR was performed with the 
Genmorph™ II EZClone Domain Mutagenesis Kit (Agilent Technologies) using gene specific primers 
(Appendix A). Briefly, the parent gene was amplified by PCR consisting of an initial denaturation step of 
95 oC for 2 minutes and 20 cycles of 95 oC for 30 seconds, 64 oC for 30 seconds and 72  oC for 1 minute, 
followed by a final extension step at 72 oC for 10 minutes. The template plasmid was eliminated by digestion 
with DpnI at 37 oC  for 2 hours. The amplicon was purified and used as a megaprimer in a second high-
fidelity ligation-during-amplification PCR with the pQE80L-FbFP expression vector as the template.  The 
denaturation step was performed at 95 oC for 1 minute followed by 25 cycles of 95 oC for 50 seconds, 60 
oC for 50 seconds, and 68 oC for 14 minutes and a final extension at 68 oC for 15 minutes. The products of 
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the second PCR reaction are plasmids harboring randomly mutated variants of the parent gene. These were 
further digested with DpnI for 3 hours at 37oC to eliminate methylated and hemimethylated plasmids 
bearing the parent gene. In case of iLOV, error-prone PCR was accomplished using regular PCR with Taq 
DNA polymerase. However, buffer conditions were modified to include 0.1 mM MnCl2 and the dCTP and 
dTTP concentrations were increased to 0.36 mM, while dATP and dGTP concentrations were maintained 
at 0.2 mM. Mutated amplicons were digested with BamHI and HindIII and ligated in pQE80L as described 
before. The mutant library was cloned in E. coli DH5α cells by electroporation.  
2.4 Screening for improved variants in the directed evolution libraries 
Transformants from the site saturation mutagenesis library were plated on LB-ampicillin plates without 
IPTG. Following incubation for 20 hours at 37oC, single colonies were picked from the plates with sterile 
toothpicks and inoculated in 800 µL LB-ampicillin media in high-brim 96-well plates (Axygen, Union City, 
CA) and grown for 16 hours. The plates were sealed with oxygen permeable sealing mats (Axygen) to 
minimize evaporation and contamination, while allowing free gas exchange. Cells from the overnight 
cultures were diluted 100-fold in fresh LB media and grown for an additional 2 hours before inducing with 
1 mM IPTG for 8-12 hours. Fluorescence measurements were then conducted in optically clear round 
bottom 96-well plates (BrandTech Scientific, Essex, CT) in a spectrofluorometer (Cary Eclipse, Varian). 
Fluorescence emission scans spanning 470 nm to 600 nm wavelength range were recorded from each well 
at two excitation wavelengths (450 nm and 500 nm). Background fluorescence was measured in uninduced 
cells bearing wild type pQE80L-FbFP and was subtracted from all readings. The resulting spectra were 
smoothed by 3rd order Savitzky Golay filtering with a frame size of 5. Selected mutants were subject to 
further spectrofluorometric analyses using shake flask cultures and purified protein preparations. Induction 
of protein expression and subsequent fluorescence measurements were conducted as previously described. 
Analyses of fluorescence spectra were performed using custom codes written in MATLAB version 7.10 
(MathWorks).  
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Transformants from the error-prone PCR library were plated on LB-agar plates supplemented with 
ampicillin at 100 µg/mL. The plates were incubated at 37 oC for 20 hours. Colonies were then imaged using 
a UV illuminator (Fotodyne). Images were analyzed using Cell Profiler and ImageJ to identify the brightest 
colonies. Specifically, images were corrected for nonuniform illumination by background subtraction of a 
blank LB plate (without colonies) that had been illuminated and imaged under identical conditions. Next, 
colonies were identified using a cutoff radius of 5-20 pixels as well as via Ridler-Calvard thresholding or 
background thresholding. Using this approach, we screened a total of 27,425 colonies (PpFbFP F37S 
library) and 64,035 colonies (iLOV library) and the colonies that appeared bright in the solid-phase screen 
(38 in case of PpFbFP F37S library and 7 in case of the iLOV library) were carried forward and inoculated 
in fresh medium (1% v/v dilution) supplemented with IPTG at 1 mM to induce protein expression. The 
induced cultures were harvested approximately 6 – 12 hours after inoculation and fluorescence emission 
was measured at 495. Whole cell fluorescence emission was normalized by the optical density at 600 nm 
and compared with the same values for cells expressing the wild type proteins. 
2.5 Protein expression and purification 
2.5.1 Optimization of conditions for protein expression  
Expression vectors and induction conditions were optimized using the PpFbFP gene and screening for 
conditions that yielded high transformation efficiencies and enhanced expression levels of the desired 
protein. Specifically, we cloned the PpFbFP gene in three different expression vectors: pQE80L (Qiagen), 
pET28a(+) (Novagen), and pET*28a(+), where the latter is an expression vector constructed in-house by 
mutating the promoter for the lac repressor in pET28a(+) to induce high levels of expression of the repressor 
protein. E. coli BLR cells were transformed using heat shock at 42 °C and plated on lysogeny broth (LB) 
plates solidified using 1.5 % agar. Transformation efficiencies were assessed by counting the number of 
colonies transformed per microgram of DNA. Transformed cells were inoculated in 5 mL Lennox broth 
supplemented with ampicillin at 100 µg/mL and induced for FbFP expression using three different 
strategies: IPTG induction for 8 hours, 16 hours, and auto-induction. For these three plasmid constructs, 
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fluorescence levels were measured and compared between induced and uninduced cells using these three 
different induction strategies. We observed that the pQE80L construct consistently yielded the highest 
transformation efficiencies as well as the largest normalized fluorescence levels in induced cells. Therefore, 
the pQE80L vector was used as the expression vector of choice to clone and express all FbFP genes and 
LOV domains.  
2.5.2 Protein expression  
Single colonies of E. coli BLR (DE3) or E. coli MG1655 transformants expressing the pQE80L-FbFP, 
pQE80L-LOV, or pQE80L-YFP constructs were inoculated in 5 mL Lennox broth supplemented with 
ampicillin at 100 µg/mL and grown for 16 hours at 37 °C and with vigorous shaking at 200 r.p.m. Cells 
from the overnight culture were rediluted in 500 mL medium in a 2 L shake flask and grown under similar 
conditions. Protein expression was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a 
final concentration of 1 mM when the culture reached an optical density at 600 nm (A600) of 0.4-0.6 (~ 2 
hours after inoculation). Protein expression was continued for 5-6 hours at 37 ºC, followed by harvesting 
of the cells by centrifugation at 5000 g for 15 minutes at 4 °C. Pellets were stored at – 80 °C.  
2.5.3 Protein purification 
Frozen pellets were thawed at room temperature and resuspended in 10-15 mL lysis buffer (20 mM Tris 
hydrochloride, 200 mM sodium chloride, pH 8.0). The cells were lysed by addition of lysozyme at a 
concentration of 1 mg/mL and treated for 30 minutes at room temperature followed by ultrasonication (5 
cycles of ten 1-second pulses of 17-20 W each). The lysate was clarified by removal of cell debris by 
centrifugation at 10,000 g for 20 minutes at 4 °C, and the supernatant was incubated with 4 mL of nickel-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen) on a rocker for 1 hour at 4 °C. The Ni-NTA resin and 
supernatant were loaded onto a gravity flow chromatographic column (Fischer Scientific) and washed with 
50 mL of Ni-NTA wash buffer (20 mM Tris hydrochloride, 200 mM sodium chloride, 40 mM imidazole, 
pH 8.0) to remove nonspecifically bound protein. Proteins were eluted with 20 mL Ni-NTA elution buffer 
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(20 mM Tris hydrochloride, 20 mM sodium chloride, 500 mM imidazole, pH 8.0). Protein containing 
fractions were identified using the Bradford assay or on the basis of fluorescence and were pooled and 
loaded onto a 5 mL HiTrap Q Sepharose anion exchange column (kind gift of Prof. Isaac Cann) using an 
automated AKTA FPLC system (GE Healthcare). The bound protein was washed with 5 column volumes 
(25 mL) of anion exchange wash buffer (20 mM Tris hydrochloride, 20 mM sodium chloride, pH 8.0), and 
eluted in 5 column volumes of anion exchange elution buffer (20 mM Tris hydrochloride, 1 M sodium 
chloride, pH 8.0). At NaCl concentration of 20 mM, all proteins were strongly bound to the anion-exchange 
column, but were readily eluted upon increasing the NaCl concentration to 1 M. Protein fractions were 
assayed for homogeneity by denaturing polyacrylamide gel electrophoresis. Protein concentrations were 
estimated using the Bradford assay. Purified proteins were stored at 4 ºC and used fresh.  
2.5.4 Preparation of apo (deflavinated) iLOV and EcFbFP 
For the preparation of deflavinated iLOV and EcFbFP (referred to as apo iLOV and apo EcFbFP 
respectively), the proteins first expressed in E. coli MG1655 as described above. Cellular lysates were 
loaded onto Ni-NTA columns and washed with 40 mL of Ni-NTA wash buffer to remove nonspecifically 
bound proteins. The nickel-bound proteins were then incubated with 15 mL of denaturing buffer (20 mM 
Tris hydrochloride, 20 mM sodium chloride, pH 8.0, 6 M guanidinium hydrochloride) at 4 °C for 2 hours. 
After removal of the denaturing buffer, fresh denaturing buffer was added (15 mL) and incubated at 4 °C 
overnight with mild agitation. Finally, the proteins were treated with 1-2 washes using fresh denaturing 
buffer with a 1 hour incubation for each wash step. At this stage the proteins were almost completely 
deflavinated as judged by loss of fluorescence. The proteins were rinsed once with 20 mL anion exchange 
wash buffer, and incubated in the same buffer for another hour at 4 °C before eluting the bound and 
deflavinated proteins using 20 mL Ni-NTA elution buffer. Deflavinated proteins were further purified using 
anion exchange chromatography as described above or exchanged in phosphate buffered saline using 
dialysis (Slide-A-Lyzer 10,000 MWCO membranes from Thermo Scientific).  
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2.5.5 Circular dichroism spectroscopy of deflavinated and reconstituted FbFPs 
For circular dichroism (CD) spectroscopy, apo iLOV and apo EcFbFP in anion exchange elution buffer, 
were first exchanged into phosphate buffered saline using dialysis. 40 µM of apo iLOV or 20 µM of apo 
EcFbFP proteins were loaded in  1 mm path-length quartz cuvettes (150 µL volume) either individually or 
after  reconstitution using 32 µM  of FMN, FAD, or RF. Far-UV CD spectra were recorded using a Jasco 
720 spectrometer between 320 and 200 nm with a resolution of 1 nm and a scan rate of 50 nm/min. Each 
CD spectra was averaged over 10 individual spectral scans.  
2.6 Biophysical and biochemical characterization of FbFPs 
2.6.1 Western blotting 
Western blotting was used for detecting PpFbFP and EcFbFP using primary antibodies raised in rabbit 
and horseradish peroxidase-conjugated anti-rabbit secondary antibodies (raised in donkey). In case of YFP, 
mouse ant-His6 was used as the primary antibody that specifically recognizes the hexahistidine residue that 
is appended at the N-terminus to enable purification using nickel-chelating resin. In this case, horseradish 
peroxidase conjugated anti-mouse IgG (raised in sheep) was used as the secondary antibody. We note that 
anti-His6 antibodies failed to specifically detect FbFPs although all FbFPs had a hexahistidine tag at the N-
terminus.  Proteins were first resolved on a denaturing polyacrylamide gel and then transferred to a 
nitrocellulose membrane overnight at 4 °C at 30 V. The membrane was subsequently washed and blocked 
for 1 hour using 5 % non-fat dry milk in tris-buffered saline (20 mM Tris hydrochloride, pH 7.5, 0.8 % 
NaCl) supplemented with 0.1 % Tween-20 (also known as TBST buffer). After several washes, the 
membrane was incubated with a solution of primary antibody in TBST at 1:3000 dilution in case of anti-
His6 and at 1:104 dilution in case of anti-FbFPs. Following an hour-long incubation, the membrane was 
washed several times and incubated with a solution of secondary antibody in TBST at a dilution of 1:104 or 
1:105 for anti-mouse and anti-rabbit secondary antibodies respectively. Finally, detection was achieved 
using the ECL Plus detection system that results in the development of a fluorescent product upon 
enzymatic catalysis driven by the antibody conjugated horse radish peroxidase enzyme.  
 20 
 
2.6.2 Fluorescence spectroscopy 
Fluorescence spectroscopy was performed using optically clear, flat-bottom 96-well plates (Nunclon) 
or 6 mm x 50 mm borosilicate glass culture tubes (Kimble Chase, Vineland, NJ) housed in custom-made 
aluminum holders. The Tecan M200 fluorometer was used for making 96-well plate measurements, while 
a Cary Varian Eclipse fluorometer was used for the cuvette-based measurements. For the Cary Varian 
spectrofluorometer, excitation and emission slit widths were set at 5 nm and the photomultiplier tube (PMT) 
gain was set to medium (600 V). In case of the Tecan M200 fluorometer, the excitation and emission slit 
widths were set at 9 nm and 20 nm respectively and gain was manually adjusted to 50.  
2.6.3 Determination of quantum yield 
For quantum yield measurements, serial dilutions of FbFPs were prepared in anion exchange elution 
buffer (20 mM Tris-HCl, 1 M NaCl, pH 8.0), and 150 µL volumes were added to the wells of an optically 
clear, flat-bottom 96-well plate (Nunclon). Care was taken to ensure that the absorbance at 450 nm was less 
than 0.1 in order to minimize inner filtering effects. Alternatively, 300 µL of protein in elution buffer was 
added to borosilicate glass culture tubes housed in custom-made aluminum holders. Protein samples were 
excited with 450 nm light using a fluorescence spectrometer (Tecan M200 or Cary Varian Eclipse), and the 
emission spectra were recorded between 470 nm (480 nm in case of Tecan M200) and 600 nm. The emission 
spectrum was then integrated and normalized by the absorbance at 450 nm. Analogous measurements were 
made with an FMN standard, which was used as a reference with known quantum yield (QY=0.27) to 
calculate FbFP quantum yields using the equation:  
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where QY is the quantum yield, F is the fluorescence emission intensity, and A is the absorbance at 450 nm.  
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2.6.4 Calculation of holoprotein fraction 
FbFPs are fluorescent only in their FMN-bound (holoprotein) form, and absorbance at 450 nm is 
mediated by the buried FMN chromophore. Consequently, FMN-free apoprotein does not contribute to 
absorbance at 450 nm or fluorescence emission. Therefore, the holoprotein concentration to be calculated 
from the Beer-Lambert equation as follows: 
l
A
C nmholo
.
450

                  (2) 
where Cholo is the concentration of the holoprotein, ε is the molar extinction coefficient of FMN (12500 M-
1cm-1), and l is the cuvette path length. The fraction of fluorescent holoprotein in solution was determined 
by normalizing the holoprotein concentration by the total protein concentration estimated from the Bradford 
assay. Absorbance measurements were made using a Nanodrop (Thermo Scientific) or the Tecan M200 
spectrofluorometer. In calculating the concentration of holoprotein in this way, we have verified that the 
concentration of free FMN in solutions of purified FbFPs to be negligible.  
2.6.5 Estimation of free flavin (FMN) concentration using trichloroacetic acid precipitation 
Deflavination of iLOV was achieved using trichloroacetic acid precipitation. Specifically, purified 
iLOV was supplemented with trichloroacetic acid at 10% v/v and incubated on ice for 20-30 minutes. 
Precipitated proteins were pelleted by centrifugation at 13,000 r.p.m. for 15 min. The supernatant was 
collected and assayed for FMN using absorbance measurements at 450 nm. Flavin concentrations were 
determined using a calibration curve of absorbance at 450 nm versus concentration of flavin.  
2.6.6 Determination of oligomeric state by gel filtration chromatography 
Oligomeric states of FbFPs were determined by gel filtration chromatography using a Superdex 200 
column in an AKTA FPLC system (GE Healthcare). The column was calibrated with globular proteins 
standards, including bovine thyroglobulin (670 kDa), bovine γ-globulin (158 kDa), chicken ovalbumin (44 
kDa), and horse myoglobin (17 kDa). Purified FbFPs were loaded in the column and washed with 50 mL 
phosphate buffered saline or anion exchange elution buffer (20 mM Tris-HCl, 1M NaCl, pH 8.0) . Elution 
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volumes corresponding to peaks in the 280 nm absorption chromatogram were recorded and molecular 
mass was estimated from a calibration graph of the logarithm of molecular mass of standards plotted against 
corresponding peak elution volumes. Molecular mass of a monomer was calculated assuming an average 
mass of 110 Da per amino acid. Oligomeric state was determined by dividing the estimated molecular mass 
by the calculated mass of a monomer.  
2.6.7 Native polyacrylamide gel electrophoresis 
Native PAGE was performed by casting 12 % polyacrylamide resolving gels in 1.5 M Tris-HCl pH 8.8 
resolving buffer. The stacking gel was eliminated in these experiments. Protein samples were supplemented 
with 5 % glycerol to facilitate loading and 15-20 μL volumes were applied to each well and electrophoresed 
at 160 V for 40 minutes using Tris-glycine running buffer that had been supplemented with 0.02 % 
Coomassie Brilliant Blue dye. Gels were destained overnight using a solution of 40 % methanol and 10 % 
glacial acetic acid. Relative mobilities of CreiLOV and VafLOV were estimated in comparison to iLOV, 
which was run on the same gel. 
2.6.8 Effect of pH on FbFP fluorescence 
Buffers of varying pH were prepared using 200 mM disodium hydrogen phosphate/100 mM sodium citrate 
(pH 2-8) and 100 mM sodium carbonate/100 mM sodium bicarbonate solutions (pH 9-11) at the following 
concentrations: pH 2 (4 mM Na2HPO4,/98 mM sodium citrate), pH 3 (79.45 mM citric acid, 41.1 mM 
disodium hydrogen phosphate), pH 4 (77.1 mM Na2HPO4,/61.45 mM sodium citrate), pH 6 (126.3 mM 
Na2HPO4/36.85 mM sodium citrate), pH 8 (194.5 mM Na2HPO4, 2.75 mM sodium citrate), pH 10 (60 mM 
Na2CO3, 40 mM NaHCO3), and pH 10.8 (90 mM Na2CO3, 10 mM NaHCO3). Buffer at pH 2 was purchased 
from Fisher (Pittsburgh, PA). Purified FbFP preparations in anion exchange elution buffer (pH 8.0) were 
diluted 1:30 in 450 µL of the respective pH-adjusted buffers and 200 µL sample volumes were added to 
each well of a flat-bottom 96-well plate (Nunclon). We verified that the buffer pH remained constant at the 
desired value subsequent to titration of FbFP using a pH meter (Accumet, ColeParmer). Alternatively, 
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purified proteins (30 μL) were diluted in 970 µL of the respective pH-adjusted buffers and 300 µL sample 
volumes were added to borosilicate glass culture tubes housed in custom-made aluminum holders. FbFPs 
were incubated for 2.5 hours in the respective buffers and emission spectra were recorded between 480 and 
600 nm every 30 minutes using a fluorescence spectrometer At each pH, fluorescence intensities 
corresponding to the peak emission wavelength (495 nm) were normalized by the maximum emission 
intensity recorded at pH 6 (in case of iLOV) or pH 7 (in case of remaining FbFPs).  
2.6.9 Effect of temperature on FbFP fluorescence 
In order to assess the thermal stability of FbFPs, 300 µL volumes of purified protein preparations were 
added to borosilicate glass culture tubes housed in custom-made aluminum holders. The glass tube/holder 
assembly was then placed in a fluorescence spectrometer (Cary Varian), which was heated to the desired 
temperature using a temperature controlled water bath (Cary Varian). Evaporative loss was minimized by 
sealing the mouth of the glass tubes with heat resistant tape or adding 10 µL BacLight mounting oil 
(Invitrogen) to the surface of the protein solution in the cuvette. FbFPs were incubated at different 
temperatures (37 °C , 40 °C, 50 °C, 60 °C, and 70 °C) for up to 2.5 hours, and fluorescence emission spectra 
were recorded between 470 and 600 nm every 30 minutes. In the case of YFP, excitation was provided at 
500 nm and emission spectra were scanned between 515 and 600 nm. For each temperature, the 
fluorescence intensity corresponding to the emission wavelength (495 nm) was normalized to the emission 
intensity at 495 nm measured at room temperature for the same sample.  
2.6.10 Fluorescence recovery after denaturation 
Purified FbFPs  (300 µL) were added to borosilicate glass culture tubes housed in custom-made 
aluminum holders. The glass tube/aluminum assemblies were then placed in a fluorescence spectrometer 
(Cary Varian), which was heated to 90 °C or 70 °C. FbFPs were denatured by heating at 90 °C or 70 °C for 
0.5 – 1 hour. Denaturation was monitored by the loss of peak fluorescence emission at 495 nm and the 
appearance of a 525 nm emission peak characteristic for free FMN. Following denaturation, samples were 
cooled to 25 °C, and renaturation was monitored by recording the emission between 470 and 600 nm.  
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2.6.11 Determination of photostabilities in fixed cells 
CreiLOV and VafLOV proteins were expressed in E. coli MG1655 cells grown in M9-glucose medium 
supplemented with 0.1 mM IPTG for protein expression. Cells were harvested following 6 hours of growth 
and fixed with 2.5% (v/v) paraformaldehyde solution for 15 minutes at room temperature with gentle 
spinning. Fixed cells (400 µL) were then applied to individual chambers in a poly-L-lysine coated Nunc 
LabTek 8 well coverglass chamber slide (No. 1.5). Samples were incubated at 4 °C for 30-40 minutes for 
cell adherence, followed by three 5 minute washes using 1X PBS.  Imaging was performed using an inverted 
microscope (Olympus IX71) equipped with an oil immersion 100X 1.4 N.A. objective lens and an electron 
multiplied charge coupled device (EMCCD) camera (Andor iXon DU-897) at 1.6 times the magnification 
(160X). Samples were illuminated using solid-state blue laser (488nm and 50 mW power at the source), 
and images were recorded using a ZT488rdc dichroic laser mirror (Chroma) and a 488 nm long pass 
emission filter (Chroma). Excitation power at the coverslip surface was measured to be ~0.5 mW, and the 
integration time was set at 30 ms. Image analysis was performed using ImageJ (NIH) by selecting 12 cells 
per frame and measuring the time dependent decay of mean intensity. For a comparison, iLOV expression 
cells were also studied under the same conditions. 
2.6.12 Determination of in vitro photostabilities  
For photostability measurements, 15 μL of the FbFP protein solution was immobilized in a thin pad of 
1 % agarose dissolved in 1X PBS and sandwiched between a glass slide and a No. 1.5 glass coverslip. 
Samples were imaged using an inverted microscope (Olympus IX71) equipped with 40X 1.65 N.A. 
objective lens and an electron multiplied charge coupled device (EMCCD) camera (Andor iXon DU-897). 
Samples were illuminated using solid-state blue laser (488nm and 50 mW power at the source), and images 
were recorded using a ZT488rdc dichroic laser mirror (Chroma) and a 488 nm long pass emission filter 
(Chroma). Excitation power at the coverslip surface was measured to be ~ 0.5 mW, and the integration time 
was set at 30 ms. Image analysis was performed using ImageJ (NIH) by measuring the time dependent 
decay of mean intensity of a region of interest. 
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2.6.13 Analysis of flavin-binding using fluorescence spectroscopy 
Purified and deflavinated apo  iLOV and apo EcFbFP were diluted to a concentration of 10 µM and 
loaded in quartz cuvettes at 200 µL volumes. Stock solutions of flavin mononucleotide (FMN), flavin 
adenine dinucleotide (FAD), and riboflavin (RF) were diluted in anion exchange elution buffer or 1X PBS 
to a final concentration of 200 µM. Titration was carried out by adding 1 µL of the respective ligand solution 
to the protein solution in the cuvette. Solutions were mixed using a pipette and further incubated for 3 
minutes in order to ensure complete mixing. Cuvettes were loaded in a fluorometer and spectral analysis 
performed as described above. Fluorescence values (F) at the emission wavelength (495.07 nm) were used 
to calculate fractional saturation (f) as:  
𝑓 =
𝐹𝑖−𝐹𝑚𝑖𝑛
𝐹𝑚𝑎𝑥−𝐹𝑚𝑖𝑛
                                             (3) 
where Fi and Fmax indicate the fluorescence values in the absence of any ligand and after saturation of 
fluorescence respectively. Fractional saturation values were used to estimate the dissociation constant 
assuming simple 1:1 binding and using the following equation: 
𝑓 =
(𝑃+𝐿+𝐾𝑑)−√(𝑃+𝐿+𝐾𝑑)2−4𝑃𝐿
2𝑃
                                                                                         (4) 
where P and L represent total protein and ligand (titrant) concentrations and Kd is the dissociation constant. 
The equation was solved using nonlinear least squares fitting implemented in OriginPro Version 9 and 
setting Kd and P as unknown parameters. Although the total protein concentration is known a priori (10 
µM), we chose to model it as a free parameter in the nonlinear regression model.  
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2.7 Gene expression experiments 
For gene expression experiments, Wild type E. coli MG1655 cells were grown in 5 mL M9 minimal 
medium (12.8 g/L Na2HPO4.7H2O, 3 g/L KH2PO4, 0.5 g/L NaCl, and 1 g/L NH4Cl) supplemented with 
0.1% casamino acids and 0.5% glycerol or 20 mM (~ 0.5 %) glucose as the carbon source. Overnight 
cultures were inoculated at 1 % dilution in 250 µL fresh M9 medium in an optically clear, flat-bottom, 96-
well plate (Nunclon). The growth medium was supplemented with IPTG (0.01 mM, 0.1 mM, 1 mM, or 10 
mM) to express the T5-lacO promoter. The 96-well plate was incubated with shaking (3.5 mm amplitude, 
linear shaking) in a fluorescence spectrometer (Tecan M200) at 37 °C. Cells were grown for a period of 12-
16 hours and absorbance and fluorescence measurements were made every 15-30 minutes. Specifically, 
absorbance was measured at 600 nm and fluorescence emission was measured at 495 nm upon 450 nm 
excitation. For the fluorescence measurements, excitation and emission slit widths were set at 9 nm and 20 
nm respectively and gain was manually adjusted to 20. Media evaporation was minimized through the use 
of covered plates. For anaerobic cultivation, M9-glucose medium was supplemented with 20 mM potassium 
nitrate as the electron acceptor. Anaerobic culture conditions were established by growing cells in air-tight 
stoppered Balch tubes (kind gift of Prof. Isaac Cann, University of Illinois) completely filled with growth 
media (~ 20 mL) and evacuated using vacuum suction for 30 minutes – 1 hour. Anaerobic cultures were 
grown without shaking.  
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CHAPTER 3 
CHARACTERIZATION OF FbFPs 
3.1 Introduction1 
FbFPs are at a nascent stage of development and a full understanding of the performance and properties 
of FbFPs as a practical set of biological probes is lacking [116]. In order to expand the scope and enhance 
the utility of FbFPs as practical fluorescent reporters, a comprehensive evaluation of FbFPs as viable 
fluorescent tags is critically required. To this end, we characterized the performance of FbFPs under a wide 
range of experimental conditions. In particular, we studied three FbFPs originally derived from three 
different organisms: (1) PpFbFP isolated from P. putida [80], (2) EcFbFP isolated from B. subtilis [80] and 
codon optimized for expression in E.coli, and (3) iLOV isolated from A. thaliana [51].  We assessed key 
biophysical properties such as brightness, oligomeric state, maturation time, and fraction of fluorescent 
holoprotein. In addition, we investigated the effects of pH and temperature on FbFP fluorescence. Aside 
from the oxygen-independent function of these reporter proteins, we identified several advantages to using 
FbFPs as reporters, including thermal tolerance, fluorescence emission over a broad pH range, and rapid 
maturation of fluorescence. In particular, the FbFP from Arabidopsis thaliana (generally known as iLOV) 
emerged as a highly promising FbFP characterized by a small size (50 % of GFP), monomeric state, 
relatively large quantum yield (QYiLOV = 0.34), rapid maturation of fluorescence (T1/2 < 2 min.), broad 
operational pH range (pH 4-11), and thermal tolerance (up to 60 ºC). Overall, we anticipate that our results 
will enable broader application of FbFPs, as well as provide a basic framework to further engineer and 
optimize FbFPs as robust biological reporters. 
                                                 
1Reproduced from Mukherjee, A., Walker, J., Weyant, K.B., Schroeder, C.M. Characterization of flavin-
based fluorescent proteins: an emerging class of powerful fluorescent probes. PLOS ONE. 8:5. (2013) 
doi:10.1371/journal.pone.0064753 
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3.2 Results and Discussion 
3.2.1 Purification of FbFPs 
FbFPs were purified using two-stage chromatography consisting of immobilized nickel affinity and 
anion exchange chromatography. In all cases, FbFPs were purified to greater than 95 % homogeneity 
(Figure 4A). Purified FbFPs exhibit a bright cyan-green fluorescence upon excitation using a UV 
transilluminator (Figure 4B). Freshly purified FbFPs (~1-2 mg/mL) were used for all experiments, and 
purified preparations were stable for at least a week at 4 °C, as verified by fluorescence measurements on 
freshly prepared and stored samples.   
3.2.2 Biophysical characterization of FbFPs: excitation and emission spectra, quantum yield, and 
oligomeric state   
FbFPs displayed finely-structured excitation spectra with peaks in the UV-A (370 nm) and blue (450 
nm) regions of the spectrum, which are similar to the absorption peaks of free FMN in solution [117]. Based 
on this, the excitation characteristics of free and FbFP-bound flavin chromophore seem to be similar. The 
FbFP emission, however displays a nearly 30 nm hypsochromic shift in the emission peak that is centered 
at 495 nm in contrast to the 525 nm emission peak of free FMN (Figure 5A) [51, 80]. We calculated the 
quantum yield (QY) for each FbFP by integrating the fluorescence emission spectrum between 480 nm and 
600 nm and by normalizing the integrated emission by absorbance at the excitation wavelength (450 nm). 
In this way, quantum yield quantifies the efficiency with which flavin-bound FbFP molecules (holoprotein) 
convert excitation light into fluorescence emission. Quantum yields are provided in Table 1 and are in 
agreement with previously determined values of quantum yields for these fluorescent proteins. We further 
determined the brightness of these fluorescent proteins, where brightness is defined as the product of 
quantum yield and molar extinction coefficient of flavin (ε = 12,500 M-1 cm-1). Based on these values, we 
identify EcFbFP and iLOV (brightness = 4250) as the brightest members of the FbFP family.  
Next, we characterized the oligomeric states of these proteins using size exclusion chromatography 
(Figure 5B). Monomeric fluorescent reporter proteins are desirable for generating translational fusions with 
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minimal footprints. Multimeric fluorescent proteins often impair the folding and functionality of proteins 
to which they are translationally fused. Furthermore, for applications involving Förster resonance energy 
transfer (FRET), oligomerization of fluorescent reporters can significantly misconstrue interpretation of 
protein-protein interactions. FbFPs exhibit an overall small size (~130 amino acids), which provides a 
considerable advantage over the bulkier GFP-family proteins (238 amino acids) in constructing 
translational fusions with small imprint. We determined that iLOV is a monomer, whereas EcFbFP and 
PpFbFP are predominantly dimers (Figure 5B). We found that the oligomeric state of FbFPs was relatively 
insensitive to ionic strength, and the oligomeric states remained intact in both high salt (1 M and 0.5 M 
NaCl) and lower salt concentrations (150 mM NaCl). iLOV is the smallest protein in the FbFP family, 
consisting of only 110 amino acids. Therefore, based on its size and monomeric structure, iLOV has an 
exceedingly small imprint as a fluorescent tag. 
3.2.3 Fraction of fluorescent holoprotein 
FbFP fluoresce is facilitated by an FMN fluorophore that is noncovalently associated with the protein 
via an extensive network of hydrogen bonds, coulombic forces, and van der Waals interactions [102]. As a 
result, maturation of fluorescence in FbFPs relies on the availability of a sufficient pool of intracellular 
FMN. Moreover, the brightness of FbFPs is also a function of the strength of association between the protein 
and FMN. Therefore, in addition to the quantum yield and molar extinction coefficient, an accurate 
assessment of FbFP brightness needs to account for the fraction of FbFP in solution that is fluorescent, i.e., 
the FMN-bound holoprotein fraction. We verified that apo-FbFPs do not substantially contribute to 
absorbance at 450 nm. Furthermore, we analyzed supernatant solutions of purified FbFPs that had been 
deflavinated using trichloroacetic acid precipitation and determined that the concentration of free FMN in 
a solution of purified FbFP is negligible (Chapter 2). Therefore, absorbance at 450 nm can be specifically 
attributed to the holoprotein species in solution. Based on these assumptions, we determined the fraction of 
fluorescent holoprotein in solution, defined as the ratio of holoprotein concentration to the total protein 
concentration (holo + apoprotein, estimated by the Bradford assay) (Chapter 2).  
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Holoprotein fractions for the three FbFPs are presented in Table 1. We determined that EcFbFP (fholo = 
0.67) surpasses the fraction of holoprotein in solution compared to PpFbFP (fholo = 0.59) and iLOV (fholo = 
0.39).  In order to explain the improved association with FMN in EcFbFP over iLOV, we examined the 
FMN-binding cavities in the two proteins. The structure of iLOV was recently solved (PDB ID: 4EES) 
[102]. In the absence of a crystal structure for EcFbFP, we used the crystal structure of a closely related 
protein, YTVA from Bacillus subtilis (PDB ID: 2PR5). The YTVA crystal structure was solved in the dark 
state conformation of the protein in which the FMN ring is noncovalently buried in the binding pocket. 
Therefore, the dark structure can be considered to closely resemble the EcFbFP structure in which covalent 
association between FMN and the protein is abolished through a C62A mutation. We defined the FMN 
binding cavity to include amino acids that are directly involved in hydrogen bonding or hydrophobic 
interactions with the isoalloxazine ring of FMN, and these amino acids were identified using Ligand 
Explorer version 4.0. Despite a high degree of similarity between amino acids comprising the binding sites 
in the two proteins, the binding cavity in iLOV had a considerably higher average B-factor (Bavg = 23.29) 
relative to the binding cavity in EcFbFP (Bavg = 17.18) (Table 2). B-factor values (also known as 
temperature factor) represent the extent of disorder associated with the spatial locations of amino acids in 
protein structures. High values of B-factor indicate uncertainty in precisely locating the coordinates of 
amino acid side chains in the crystal structure of a protein, which is usually the case for side chains that are 
relatively less restrained, such as surface exposed residues. In particular, protein engineering techniques 
that specifically target high B-factor residues for mutations (relative to lower B-factor amino acids) have 
been shown to improve stability of enzymes [118]. In the context of EcFbFP and iLOV, a higher B-factor 
in the iLOV binding site may indicate a binding cavity that is less rigid relative to the chromophore-binding 
cavity in EcFbFP. For example, an arginine residue at position 58 in iLOV, which is directly involved in 
hydrogen bonding with FMN, has a substantially large B-value of 46.61. The corresponding arginine in 
EcFbFP (R79) has a B-value of 17.75 (Table 2). The larger B-value associated with a key residue involved 
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in hydrogen bonding with FMN ring may constitute a structural basis for the lower holoprotein fraction in 
iLOV.          
3.2.4 Effect of pH on FbFP fluorescence 
Fluorescent proteins with a broad functional pH range are desirable for intracellular imaging in 
alkaliphilic life forms and for studying acidic cellular environments such as endosomes, lysosomes, and 
plant vacuoles. We characterized the pH sensitivities of FbFPs by incubating purified fractions of FbFPs in 
buffers of pH 2, 4, 10, and 11 for several hours. We verified that PpFbFP and EcFbFP fluoresce maximally 
at pH 7, while iLOV has maximum fluorescence emission at pH 6. Therefore, we normalized peak 
fluorescence emission intensity (measured at 495 nm) at a particular pH to the maximum fluorescence 
emission intensity measured at pH 7 (PpFbFP and EcFbFP) or pH 6 (iLOV). We found that both EcFbFP 
and iLOV exhibit fluorescence over a broad pH range (pH 4 to 11), generally retaining 60-70 % of their 
maximum fluorescence up on prolonged incubation at pH 4 (Figure 6A). Furthermore, iLOV and EcFbFP 
strongly fluoresce in highly alkaline conditions and retain nearly 60 % of their maximum fluorescence when 
incubated at pH 11 for over two hours (Figure 6A). Moreover, PpFbFP is stable at pH 4 (53 % of maximum 
fluorescence), but readily loses fluorescence at pH 11. Finally, all three FbFPs rapidly lose fluorescence at 
very low pH values, conditions under which the fluorescence emission peak at 495 nm disappears and the 
FMN-specific emission spectrum begins to emerge (Figure 6B). In contrast to FbFPs, YFP has a pKa of 
5.5-6.5 [34] and readily loses fluorescence in acidic conditions, retaining less than 10 % of its maximum 
fluorescence up on incubation at pH 4 (Figure 6A).  
3.2.5 Thermal stability of FbFPs 
Thermophilic microorganisms are promising host platforms for several bioprocess and biotechnology 
applications [119-121]. Thermostable fluorescent proteins extend the scope of fluorescent reporters to 
investigate biological processes in thermophiles. Wild type GFP matures very slowly at temperatures 
exceeding 20 °C; however, several folding mutations have been identified to improve the thermal tolerance 
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of GFP-based proteins. In this way, GFP mutants have been optimized for fluorescence at elevated 
temperatures up to 80 °C [36, 37] (Figure 7). However, oxygen-dependent maturation of fluorescence in 
GFP-based reporters precludes the application of thermostable GFP variants to vast majority of 
thermophilic microbes, which are commonly obligate anaerobes. In order to assess the ability of FbFPs to 
function in high temperature conditions, we determined the temperature dependence of FbFP fluorescence 
using purified protein preparations. Specifically, we determined peak fluorescence emission intensity 
(measured at 495 nm) at a particular temperature and normalized this value to the peak fluorescence 
emission intensity measured at room temperature (25 °C). We found that iLOV significantly outperforms 
PpFbFP and EcFbFP at elevated temperatures and retains more than 80 % and 60 % of its room temperature 
fluorescence upon prolonged incubation at 50 °C and 60 °C, respectively (Figure 8A). Moreover, EcFbFP 
retains approximately 80 % of its room temperature fluorescence upon incubation at 50 °C (Figure 8A). 
However, higher temperatures lead to rapid loss of fluorescence in EcFbFP. In all cases, continued 
incubation of FbFPs at 70 °C leads to protein precipitation along with gradual reduction of the 495 nm 
emission peak and the appearance of a smoother emission spectrum with a peak at 525 nm, which is 
characteristic of free FMN (Figure 8B).  
3.2.6 Fluorescence recovery after denaturation 
Maturation of fluorescence in GFP is mediated by oxidation of the tripeptide chromophore, which 
requires more than an hour at room temperature [2, 40]. Despite the development of fast-maturing GFP 
variants such as venus, chromophore oxidation and maturation of fluorescence requires nearly 10-40 
minutes for recovery of half maximal fluorescence even in the fastest maturing variants [3, 34]. This 
constitutes a major bottleneck in applying GFP to study dynamic biological events. Fluorescence 
maturation kinetics is typically monitored by observing the recovery of fluorescence emission following 
renaturation of denatured and sodium dithionite-reduced GFP preparations. We adopted an analogous 
approach to investigate the maturation of fluorescence in FbFPs by first denaturing FbFPs at high 
temperature, followed by rapid cooling of the proteins to room temperature (Chapter 2). Protein unfolding 
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and refolding were monitored using fluorescence spectroscopy, where we used the distinct signatures of 
the fluorescence emission spectra of the FbFP holoprotein and free FMN to distinguish apo-protein from 
intact FbFP holoprotein. First, FbFPs were readily denatured by heating at 90 °C for 25 minutes, whereupon 
we observed that the unfolded proteins aggregated into visible precipitates. In the case of EcFbFP, 
fluorescence was readily restored upon rapid cooling of samples back to room temperature (Figure 9A). 
However, PpFbFP and iLOV were irreversibly denatured after the high temperature cycle at 90 °C, and 
cooling failed to restore fluorescence for these proteins (Figure 9B). On the other hand, reversible 
denaturation of iLOV could be achieved by thermal denaturation at a lower temperature of 70 °C instead 
of 90 °C (Figure 9B). For EcFbFP and iLOV, recovery of fluorescence was rapid and half-maximal 
recovery appeared to occur within less than 2 minutes (T1/2 < 2 min.), which is approximately equal to the 
time required by the temperature controlled fluorescence spectrometer to cool from 90 °C (or 70 °C) to 
room temperature (25 °C). In contrast, thermally denatured YFP recovered ≈ 46% of its fluorescence in the 
same time in which EcFbFP fluorescence was restored to greater than 90%. Furthermore, we note that 
apparent rate of fluorescence recovery in YFP in this experiment is substantially faster than the actual rate 
of natural fluorescence maturation because the functional YFP chromophore is not chemically reduced in 
the course of thermal denaturation. In reality, acquisition of fluorescence in YFP involves cyclization of 
the tripeptide chromophore followed by oxidation, which substantially slows the overall kinetics of 
fluorescence maturation. 
3.3 Conclusions 
In this work, we demonstrate that FbFPs present several advantages that render them useful as a versatile 
set of fluorescent tags for potential application in a broad range of biological systems. Previous applications 
of FbFPs have predominantly focused on imaging in hypoxic and anoxic environments [80, 104-111]. 
However, in this work, we demonstrate that in addition to oxygen-independent fluorescence, FbFPs 
integrate several key properties that render them immensely useful as biological probes. In particular their 
small size (~ 50 % the size of GFP), broad operational pH range, thermal, and redox tolerance make them 
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robust reporters with a potential to address several biological systems of outstanding importance that are 
poorly suited to investigation using GFP. For example, fluorescent reporter proteins are routinely employed 
for on-line detection of recombinant protein production in order to identify optimal bioprocess parameters 
to ensure maximum productivity. The use of GFP and analogous reporters in such conditions is rendered 
difficult by the incomplete and slow maturation of the GFP-chromophore as semi-anaerobic to anaerobic 
conditions often prevail in bioprocess production platforms (e.g., fermentation) [64, 122, 123]. In addition, 
the large size of GFP has been shown to frequently interfere with the folding of partner fusion proteins, 
e.g., in the case of secreted proteins [50]. FbFPs exhibit an overall small size (Figure 5B), robust folding, 
and oxygen-independent fluorescence, all of which makes these probes function as superior fluorescent 
reporters under these conditions. Strikingly, rapid and robust refolding of FbFPs (specifically, iLOV and 
EcFbFP) in 2 minutes following thermal denaturation is suggestive of fast maturation of fluorescence in 
this class of proteins (Figure 9). This constitutes a significant advantage over GFP-based probes, because 
even the fastest maturing GFP variants (notably, venus and Tag-GFP2) require at least 10 minutes for 
maturation of half-maximal fluorescence. As fast maturing reporters, FbFPs may be immensely 
advantageous for precisely resolved temporal studies such as monitoring short-lived proteins and early 
detection of promoter activation. Moreover, although the intrinsic pH-sensitivity of the GFP chromophore 
has been exploited to design pH-responsive probes, the rapid loss of GFP fluorescence at low pH 
complicates fluorescence measurements of acidic biological processes such as endocytosis, synaptic vesicle 
fusion, and periplasmic or extracellular protein secretion. In this sense, the broad pH tolerance of iLOV and 
EcFbFP, spanning pH 4 – 11 (Figure 6), makes them ideally suited to monitor such physiological events. 
Based on our results, we identify iLOV as the most promising member in the FbFP family with its 
substantially smaller size (110 amino acids, monomeric) as well as robust fluorescence under extremes of 
pH and temperature (retaining ~ 60 % of maximum fluorescence at pH 4 and 11, and at 60 °C).  
Finally, we note that the limited brightness  of FbFPs is currently a major bottleneck restricting their 
versatile and widespread utilization as practical reporters. Indeed, the brightest FbFPs (iLOV and EcFbFP, 
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brightness = 4250) are only 7 – 12 % as bright as spectrally similar GFP-based probes such as mTFP1 
(brightness = 54,400), EGFP (brightness = 33,600), and Venus (brightness = 52,554). Therefore, future 
work at developing FbFP-based fluorescent reporters should focus on enhancing brightness through 
improvements in fluorescence quantum yield or tighter binding with the flavin chromophore. Overall, we 
expect this study to furnish an important characterization framework (Table 1) to encourage the continued 
development of FbFPs as well as enable their application to fundamental and applied biological studies.  
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Tables and Figures 
Table 1. Biophysical and biochemical characterization of FbFPs 
Property PpFbFP EcFbFP iLOV 
Quantum yield 0.17 0.34 0.34 
Brightness 2125 4250 4250 
Oligomeric state Dimer Dimer Monomer 
Holoprotein 0.60 ± 0.02 0.680 ± 0.02 0.39 ± 0.01 
T,mat. – < 2 min. < 2 min. 
pK50 4 <4 <4 
Thermal stability 40 °C 50 °C 60 °C 
Tmat (maturation time) is defined as the time required for thermally deflavinated FbFP to acquire at least 50 
% of its fluorescence prior to deflavination. pK50 is defined as the pH at which an FbFP retains 50 % of its 
fluorescence at pH 6 (for iLOV) or at pH 7 (for EcFbFP and PpFbFP). Thermal stability is defined as the 
temperature at which an FbFP retains at least 50 % of its fluorescence at room temperature (25 °C). 
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Table 2. B-factor values of amino acids in FMN-binding pocket in iLOV and EcFbFP 
EcFbFP  
(PDB ID: 2PR5) 
B-factor 
iLOV  
(PDB ID: 4EES) 
B-factor 
Nature of interaction with 
FMN 
V28 20.38 V7 17.68 hydrophobic 
T30 16.39 T9 17.33 hydrophobic 
L65 21.54 L44 25.09 hydrophobic 
V75 14.83 I57 24.35 hydrophobic 
I78 16.08 I61 20.62 hydrophobic 
R79 14.18 L85 21.63 hydrophobic 
L82 17.19 L87 26.57 hydrophobic 
L106 17.56 F100 18.19 hydrophobic 
I108 18.03 I101 20.26 hydrophobic 
F119 14.78 G102 19.78 hydrophobic 
N61 15.83 N40 18.82 hydrogen bonding 
R63 19.06 R42 22 hydrogen bonding 
Q66 16.74 Q45 21.69 hydrogen bonding 
R79 17.79 R58 46.61 hydrogen bonding 
N94 15.85 N73 25.7 hydrogen bonding 
N104 16.82 N83 23.05 hydrogen bonding 
Q123 18.83 Q104 20.14 hydrogen bonding 
Amino acids are numbered as per the primary sequence of EcFbFP and iLOV. The listed values of B-factors 
reflect the highest B-factor associated with an amino acid. An alanine residue in the FMN-binding pocket 
that is involved in hydrophobic interactions with FMN (A62 in EcFbFP and A41 in iLOV) was excluded 
from consideration as the crystal structure used for EcFbFP (2PR5) belongs to the wild type YTVA protein 
wherein the A62 residue is replaced by the native C62. Therefore, a B-value for A62 in EcFbFP was not 
available. The arginine residue in iLOV with a particularly high B-factor (R58) is shown in bold. 
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Figure 4. Purification of FbFPs. (A) FbFPs were purified using nickel affinity and anion exchange 
chromatography and resolved on a denaturing polyacrylamide gel at 160 V for 40 min. Lane 1: molecular 
weight ladder, sizes indicated in kDa,  lane 2: iLOV, lane 3: PpFbFP, lane 4: EcFbFP. (B) FbFPs emit bright 
cyan-green fluorescence upon excitation using a UV transilluminator. 
 
Figure 5. Biophysical characterization of FbFPs — spectra and oligomeric state. (A) Purified FbFPs 
and FMN in anion exchange elution buffer (20 mM Tris hydrochloride, 1 M sodium chloride, pH 8.0) were 
excited with 450 nm light, and the emission spectra were recorded by scanning emission between 480 and 
600 nm. Excitation spectra were recorded by monitoring emission at 520 nm and scanning the excitation 
wavelength from 350 to 500 nm. Emission peaks of FbFPs (λem = 495 nm) display a hypsochromic shift of 
30 nm with respect to the emission peak of free FMN (λem = 525 nm). (B) FbFPs were loaded on a size-
exclusion column using phosphate buffered saline  as the running buffer. Molecular weight was estimated 
by comparing the elution volume for each FbFP against a calibration curve generated using globular protein 
standards. PpFbFP, and EcFbFP are predominantly dimeric and elute earlier than iLOV, which is strictly 
monomeric. PpFbFP also displays a tendency to aggregate.  
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Figure 6. Effect of pH on FbFP fluorescence. (A) Histograms depict the fraction of peak fluorescence 
(measured at 495 nm at pH 7 for PpFbFP and EcFbFP and pH 6 for iLOV) retained after incubation 
in buffers of pH 2, 4, 10, and 11 for 2.5 h. (B) FbFPs are deflavinated upon incubation at pH 2 and 
are characterized by a loss of the FbFP emission spectrum and the appearance of an FMN-emission 
spectrum with a peak at 525 nm. 
 
 
Figure 7. Effect of pH and temperature on YFP fluorescence. (A) Histograms depict the fraction of peak 
fluorescence (measured at 528 nm at physiological pH corresponding to peak emission) retained by YFP 
after incubation in buffers of pH 2, 4, 10, and 11 for 2.5 h. YFP loses more than 90 % of its fluorescence 
upon incubation at pH 4. (B) YFP is characterized by excellent thermostability retaining at least 50 %  of 
its maximum fluorescence (measured at room temperature) upon prolonged incubation for 2.5 h. at 80 ºC. 
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Figure 8. Effect of temperature on FbFP fluorescence. (A) Histograms depict the fraction of peak 
fluorescence (measured at 495 nm at room temperature) retained by the FbFPs after incubation at 40 °C, 
50 °C, 60 °C, and 70 °C for 2.5 h. (B) FbFPs are deflavinated at 70 °C and are characterized by a loss of 
the FbFP emission spectrum and the appearance of an FMN-emission spectrum with a peak at 525 nm. 
 
Figure 9. Fluorescence recovery after denaturation of FbFPs. FbFPs were deflavinated by incubation 
at 70 °C (or 90 °C) for 30 minutes, following which the temperature was lowered to 25 °C using a 
temperature controlled fluorescence spectrometer. (A) On cooling, deflavinated EcFbFP rapidly regained 
fluorescence, indicating fast renaturation and fluorescence recovery. Specifically, upon heating, the 
EcFbFP spectrum (inset, red trace, a) was replaced by an emission spectrum typical of free FMN (inset, 
green trace, b). Following rapid cooling to room temperature the FbFP-specific emission spectrum (inset, 
blue trace, c) was restored. (B) Rapid fluorescence recovery was observed in iLOV on cooling after thermal 
denaturation at 70 °C but not at 90 °C. Upon heating to 70 °C, the characteristic iLOV spectrum (inset, red 
trace, a) was replaced by an emission spectrum typical of free FMN (inset, green trace, b). Upon rapid 
cooling to 25 °C, the FbFP-specific emission spectrum (inset, blue trace, c) was restored.   
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CHAPTER 4 
DIRECTED EVOLUTION OF BRIGHT FbFP VARIANTS 
4.1 Introduction2 
FbFPs show oxygen-independent fluorescence emission, a relatively small size, rapid maturation of 
fluorescence, thermal stability, and a broad operational pH range, which are desirable features for 
developing viable, robust, and versatile fluorescent tags (Chapter 3). However, application of FbFPs as 
robust imaging probes is hindered by their limited brightness, as discussed in Chapter 3. Although EcFbFP 
(from B. subtilis) and iLOV (from A. thaliana) have a reasonable quantum yield of 0.34, PpFbFP (from P. 
putida)  is particularly dim with a very low quantum yield of 0.17 (Table 1). Indeed, although PpFbFP has 
been shown to express well in both E. coli and the obligate anaerobe Rhodobacter capsulatus, fluorescence 
emission from PpFbFP is weak unless expressed at elevated levels using strong promoters [80]. In this 
work, we used directed evolution [124, 125] via site saturation mutagenesis to develop brighter mutants of 
PpFbFP. Specifically, we isolated two brighter variants that involve mutations at an FMN-proximal amino 
acid (F37S and F37T). PpFbFP F37S and F37T mutants were shown to have a nearly twofold enhancement 
in brightness of fluorescence emission relative to the wild type protein. Based on biochemical 
characterization, we conjecture that the F37S and F37T mutations improve brightness by relieving 
fluorescence quenching stacking interactions in the wild type protein, thereby increasing quantum yield, 
and by enriching the fraction of FMN-bound fluorescent holoprotein in the evolved mutants. In this way, 
we successfully engineered the dimmest member of the FbFP library (PpFbFP) to develop mutants with 
quantum yields comparable to the brightest FbFPs — EcFbFP and iLOV. Overall, we anticipate that these 
improved spectral variants together with EcFbFP and iLOV, will be valuable for investigating biological 
                                                 
2 Reproduced from Mukherjee, A., Weyant, K.B., Walker, J., & Schroeder, C.M. Directed evolution of 
bright mutants of a flavin-binding fluorescent protein from Pseudomonas putida. Journal of Biological 
Engineering. 6:20. (2012). doi: 10.1186/1754-1611-6-20 
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processes in low-oxygen conditions. Importantly, our work reveals important insights on the development 
of fluorescence in FbFPs, and provides an engineering framework to develop newer and improved variants. 
4.2 Results and discussion 
4.2.1 Homology modeling and design of site saturation mutagenesis 
FbFP fluorescence is mediated by a buried FMN chromophore and the fluorescence emission of FMN 
is known to be sensitive to its microenvironment [117]. Based on this, we hypothesized that mutations 
within the chromophore-binding cavity could be used to enhance the fluorescence of wild type FbFPs by 
affecting the photophysical interactions between FMN and its neighboring amino acids. Therefore, we 
evolved FbFP using saturation mutagenesis of chromophore-proximal amino acids. Site saturation 
mutagenesis enables the incorporation all possible amino acid substitutions at selected target sites [126]. In 
this approach, degenerate oligonucleotides are used to engineer amino acid substitutions into proteins 
without the need for rigorously defined structure-function relationships. Previously, site saturation 
mutagenesis has been used to engineer key improvements in the fucose hydrolyzing activity and 
thermostability of an E. coli beta-galactosidase and a B. subtilis lipase respectively, by mutating amino 
acids in the active site [127-129]. In recent work, saturation mutagenesis of amino acids proximal to the 
pyrrole chromophore of a bacterial phytochrome was employed by the Tsien lab to evolve an infrared 
emitting fluorescent protein [130].  
First, we modeled the structure of PpFbFP based on the closely related LOV domain protein YTVA 
from B. subtilis (UniProt: O34627), which shares 37% identity and 62% similarity in primary sequence 
(Figure 3). Homology modeling was implemented using Swiss PDB Viewer version 4.0 [131]. We 
determined a homology modeled structure using an energy minimization method, wherein the refined 
protein structure presented 96% of amino acids in allowed regions of the Ramachandran plot and showed 
a root mean squared deviation of 0.5 nm over 126 backbone carbon atoms (Figure 10).  
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We used the protein structure to select six amino acids up to a distance of 0.3 nm from the FMN 
chromophore, including D52, R54, R70, and Q57, which comprise a signature motif for the FMN-binding 
LOV domain, and nearby amino acids Y112 and N85 (Figure 11). In addition to the aforementioned six 
FMN-proximal amino acids, we also selected the following three amino acids for mutagenesis: (1) A53 
(C53 in the wild type FbFP) located 0.4 nm from FMN, because the cysteine residue in the wild type protein 
forms a covalent adduct with FMN upon blue light excitation. (2) F37 residue located approximately 0.4 
nm from the FMN ring, because the close proximity of an aromatic amino acid to the FMN chromophore 
suggests the possibility of π-bond stacking interactions between the phenyl ring and the isoalloxazine ring 
of FMN (3) W94 residue, which lies farther away from the FMN chromophore, but has been implicated in 
mediating interdomain contacts in the FbFP [90].  
4.2.2 Site saturation mutagenesis 
Saturation mutagenesis at the nine amino acid targets was performed as described in Chapter 2. For 
each target mutant, we screened up to 180 isolated colonies using fluorescence spectrophotometry, which 
corresponds to approximately sixfold coverage of the mutation space (4x4x2 = 32 possible mutations with 
NNK degenerate codon) and was deemed to be a statistically significant sample size by the CASTER 
program. CASTER is an open source worksheet that enables estimation of the number of colonies that are 
required to be screened in order to ensure a 95% coverage of all possible variants resulting from site 
saturation mutagenesis [129]. PpFbFP is significantly less bright compared to most proteins in the GFP-
family (~ 6% and ~ 2% as bright as GFP and the spectrally equivalent mTFP1, respectively [132]). 
Therefore, we determined that at least a twofold enhancement in brightness or a substantial spectral shift 
would be useful criteria for obtaining fluorescent reporters of practical relevance. In this way, we defined 
beneficial mutants as cells displaying at least a twofold enhancement in fluorescence emission and/or a 10 
nm or longer shift in emission wavelength. Mutants that scored in the 96-well plate assays and shake flask-
based screens were isolated and purified, and the fluorescence spectra of the purified mutant proteins were 
compared against purified wild type PpFbFP. Direct comparison of fluorescence spectra between purified 
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protein preparations ensures that improvements in spectral properties are the direct result of mutations in 
the open reading frame and do not arise due to improved cellular production of the mutant proteins (e.g., 
enhanced emission due to improved protein production by codon adaptation at a mutated site). Only mutants 
satisfying the improvement criteria in all three screens (96-well plate, shake flask, and purified protein) 
were classified as a beneficial mutant that shows significant improvement relative to the wild type protein.  
Using this approach, we found that mutations at six of the nine target amino acids (D52, R54, Q57, R70, 
W94, and Y112) yielded predominantly neutral mutant proteins, with ~82% clones showing fluorescence 
emission spectra identical to the wild type protein. However, mutations at the other three amino acid targets 
(F37, A53, and N85) resulted in a smaller fraction (40%) of clones identical to the wild type protein, with 
the remaining 60% colonies showing greatly diminished fluorescent yields (Table 3). We hypothesize that 
mutants showing severely diminished fluorescence represent amino acid substitutions that quench 
fluorescence by affecting the photophysical properties of FMN, by weakening the association between 
FMN and the protein, or by compromising efficient protein folding. Sequencing of randomly selected 
mutants confirmed that amino acid substitutions were faithfully incorporated in a random fashion at the 
target site without amino acid bias due to the use of degenerate codons. 
4.2.3 Isolation of enhanced brightness F37S and F37T mutants 
We isolated two mutants from the saturation mutagenesis library that showed enhanced brightness 
compared to the wild type PpFbFP (Figure 12A). In particular, we discovered two mutants of the same 
amino acid (phenylalanine residue at position 37 in wild type PpFbFP) that appear brighter compared to the 
wild type protein. Fluorescence measurements on purified mutant proteins revealed 2-fold enhancement in 
peak fluorescence intensity (Figure 12B). The excitation and emission spectral shapes of the mutant 
proteins, however were unchanged relative to the wild type protein. Furthermore, we verified that the bright 
mutants fluoresced in anaerobic conditions with emission at 495 nm more than 2-fold greater than that of 
the wild type protein. We confirmed that the F37 amino acid was replaced by a serine and a threonine 
residue in the two beneficial mutants (F37S and F37T, respectively). We further subjected the brighter of 
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the two mutants FbFP F37S to random mutagenesis using error-prone PCR with a low mutation frequency 
(1-2 amino acid mutations per protein). Colonies from the random mutagenesis library were cloned in E. 
coli DH5α cells and plated on LB-ampicillin plates. We screened approximately 30,000 colonies using 
automated image analysis. However, we were unable to identify mutants with substantial improvements in 
brightness relative to the FbFP F37S parent protein. 
4.2.4 Characterization of bright mutants F37S and F37T  
In order to elucidate a biochemical and biophysical basis for the improved fluorescence observed in the 
F37S and F37T mutants, we characterized these beneficial mutants with respect to their oligomeric 
structure, quantum yield, and the fraction of FMN-bound holoprotein in solution. Fluorescence properties 
of the beneficial mutants F37S and F37T can be affected by: (1) changes in the oligomeric state of the 
mutants, (2) changes in the dissociation constant of the FMN chromophore, which can affect the levels of 
fluorescent holoprotein (FMN chromophore + FbFP apoprotein) for mutants relative to the wild type 
protein, and/or (3) altered photophysical interactions between the FMN chromophore and the amino acid 
at the mutation site.  
PpFbFP F37S and F37T mutant proteins were purified to near homogeneity and shown to comigrate 
with the wild type FbFP protein in denaturing gels (Figure 13A). We verified that the F37S and F37T 
mutations do not alter the oligomeric state of the protein — FbFP and the mutants exist predominantly as 
dimers in solution (Figure 13B, Table 4). Next, we estimated the fraction of fluorescent holoprotein in 
solution (fholo) based on absorption measurements at 450 nm using purified protein preparations as described 
in Chapter 2. The fraction of holoprotein for the F37S and F37T mutants are fholo,F37S  = 0.49  and fholo,F37T  
= 0.45, respectively, which represent 1.5-fold and 1.4-fold enhancements in fraction of holoprotein 
compared to wild type FbFP (fholo,WT  = 0.33). Therefore, the improved association with FMN in the mutant 
proteins partially contributes to the observed 2-fold enhancement in emission intensity in the mutants.  
Finally, we measured the fluorescence quantum yields for the mutant proteins and the wild type protein. 
In these measurements, FMN was used as a standard with known quantum yield (QYFMN = 0.27). We 
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determined quantum yields for the F37S and F37T mutants to be QYF37S = 0.30 and QYF37T = 0.24, which 
are 1.8  and 1.4-fold larger than the wild type protein (QYWT = 0.17). Quantum yield represents the 
efficiency with which a single molecule of the fluorescent holoprotein converts excitation photons into 
fluorescence emission, which is independent of the fraction of fluorescent holoprotein in solution. 
Therefore, the increase in the quantum yields of the beneficial mutants F37S and F37T cannot be explained 
by improved association between FbFPs and FMN, because the nonfluorescent apoprotein fraction does 
not contribute to the emission spectrum or absorption at 450 nm. However, quantum yield can be affected 
by the nature of photophysical interactions between the FMN chromophore and nearby amino acids in 
FbFPs. It is noteworthy that in both enhanced fluorescence mutant proteins, the mutated residue is an 
aromatic amino acid in close proximity to the FMN chromophore. Aromatic amino acids are capable of a 
wide range of interactions with buried ligands, including excited state electron transfer in the protein 
nanospace and π-π stacking interactions with the isoalloxazine ring of FMN, which can quench fluorescence 
emission [133]. Indeed, the flavin analog flavin adenine dinucleotide (FAD) shows severely quenched 
fluorescence due to intramolecular π stacking interactions [134, 135]. To further probe for the possibility 
of π-π stacking interactions in FbFPs, we generated mutants with other aromatic amino acids at the F37 
site. We observed that substitution of phenylalanine at this position with tyrosine (F37Y) or tryptophan 
(F37W) results in a heavily quenched fluorescence (Figure 14), thereby suggesting that aromatic amino 
acids at position 37 in FbFP are likely to be involved in fluorescence quenching photophysical interactions 
with the isoalloxazine ring. Based on these results, we hypothesize that substitution of the phenylalanine 
residue with polar amino acids at a chromophore proximal position in the wild type PpFbFP lessens the 
degree of fluorescence quenching by preventing stacking interactions between the FMN chromophore and 
the amino acid, thereby resulting in higher quantum yields in the mutants. Moreover, substitution of 
phenylalanine by similar polar amino acids (serine and threonine) in the two mutants may reflect enhanced 
structural stabilization of the mutant protein mediated by interactions between the neighboring amino acids 
and the hydroxyl group of serine or threonine. Based on these observations, we conjecture that enhanced 
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fluorescence emission in the F37S and F37T mutants results from two contributing factors: (1) stronger 
binding between the FMN fluorophore and FbFP in the mutants, thereby resulting in a higher fraction of 
FMN-bound fluorescent protein in solution, and (2) reducing the degree of fluorescence quenching 
interactions between the aromatic amino acid phenylalanine and FMN in the mutants, thereby resulting in 
increased quantum yields.  
4.3 Conclusion 
In this work, we successfully employed site saturation mutagenesis to isolate two bright mutants of an 
anaerobic fluorescent protein from Pseudomonas putida. Although directed evolution via DNA shuffling 
has been used previously to develop iLOV and phiLOV [51, 102], our current study applies laboratory 
evolution to develop flavin-based anaerobic fluorescent proteins for prokaryotic expression. We identified 
FMN-proximal aromatic amino acids as particularly important in affecting the spectral response of FbFPs 
by directly affecting the quantum yield of the bound FMN cofactor as well as the strength of FMN binding. 
Future efforts aimed at improving the brightness of FbFPs can be directed at enhancing both the quantum 
yield as well as the holoprotein fraction by engineering stronger binding mutants. Although we were unable 
to further enhance the brightness of the F37S mutant using error-prone PCR , we speculate that additional 
improvements in FbFP fluorescence may be achieved by employing alternative strategies such as family 
shuffling or genome mining. Furthermore, aromatic amino acids in other FbFPs could be considered as 
mutagenesis “hot spots” to engineer and fine-tune FbFP fluorescence. We anticipate that further 
engineering of anaerobic fluorescent proteins for spectral enhancements will enable new studies of real 
time gene expression, protein localization, and dynamic protein interactions in anaerobic bioprocesses with 
broad implications in systems and synthetic biology, biotechnology, and biological engineering. In this 
way, we anticipate that our study will furnish an experimental and theoretical basis to enable further 
engineering of FbFPs, which are currently at an early stage of development. 
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Tables and Figures 
Table 3. Classification of mutants 
Mutation Beneficial  Deleterious Neutral  
F37X 2 71 103 
D52X 0 42 138 
A53X 0 60 57 
R54X 0 28 152 
Q57X 0 30 150 
R70X 0 18 120 
N85X 0 141 20 
W94X 0 15 58 
Y112X 0 31 149 
Mutations were introduced in the wild type FbFP by site saturation mutagenesis and mutants were classified 
as beneficial, neutral, or deleterious based on their fluorescent properties. Specifically, beneficial mutants 
exhibit at least a twofold enhancement in brightness of fluorescence emission (or a 10 nm or greater spectral 
shift), deleterious mutants have substantially diminished (greater than twofold) fluorescence emission 
compared to the wild type FbFP, and neutral mutants are similar to the wild type proteins with respect to 
brightness and emission wavelength.  
Table 4. Characteristics of improved FbFP F37S and F37T mutants 
Property FbFP FbFP F37S FbFP F37T 
Oligomeric state 1.81 (dimer) 1.78 (dimer) 1.87 (dimer) 
Quantum yield 0.17  0.30  0.24  
Fraction of holoprotein 0.33 ± 0.01 0.49 ± 0.01 0.45 ± 0.03 
Enhanced brightness F37S and F37T mutants were characterized with respect to their oligomeric state, 
holoprotein fraction, and quantum yield in order to elucidate a biochemical and biophysical basis for the 
origin of improved fluorescence in these mutants. Specifically, we identified higher quantum yield and 
improved association with FMN in the mutant proteins as key contributors to their brighter fluorescence 
emission. Standard errors were calculated from at least four replicate measurements.   
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Figure 10. Homology-modeled structure of PpFbFP. (A) Alignment between the backbone Cα atoms of 
the YTVA template (green) and the PpFbFP model (black). The structures are well aligned, with a root 
mean squared deviation of 0.5 nm over 126 Cα atoms. The FMN cofactor is depicted in blue. (B) Ribbon 
model of homology derived three dimensional structure of FbFP. The buried FMN cofactor is indicated in 
red. Alpha helices and beta strands in the protein structure are represented in green and blue respectively. 
Images were generated by ray tracing with POV-Ray version 3.6.   
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Figure 11. Flavin-binding cavity in PpFbFP. Amino acids up to a distance of 0.3 nm from FMN are 
shown. Also shown are A52 and F37 which are at a distance of 0.4 nm from FMN. Amino acids are colored 
according to their property (blue – aromatic; red - negatively charged; violet - positively charged; green – 
hydrophobic; deep green - polar). W94 lies outside the vicinity of the chromophore. 
 
 
Figure 12. Discovery of bright mutants F37S and F37T. (A) Bacterial cells expressing F37S and F37T 
mutants were visibly brighter than the cells expressing wild type PpFbFP upon UV illumination. (B) FbFP 
F37S and F37T mutant proteins have approximately twofold enhanced emission at 495 nm. Excitation was 
performed at 450 nm, and values are normalized to the protein concentration. 
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Figure 13. Molecular mass and oligomeric state of PpFbFP F37S. (A) SDS PAGE analysis for wild type 
and mutant FbFPs. Lane 1: F37S, Lane 2: F37T, Lane 3: wild type PpFbFP, Lane 4: ladder, molecular mass 
indicated in kDa. All proteins were purified using nickel-chelating and anion exchange chromatography 
and run on a 10% denaturing polyacrylamide gel (160 V, 45 minutes). Fluorescence enhanced mutants 
FbFP F37S and F37T comigrate with the wild type band (WT) at an approximate molecular mass of 17 
kDa. (B) Chromatograms of wild type FbFP and FbFP F37S from size exclusion chromatography. The 
F37S mutant and wild type PpFbFP were run through the Superdex 200 column under conditions identical 
to those used for the protein standards. PpFbFP F37S and wild type PpFbFP elute at similar volumes, 
thereby confirming that the native and mutant proteins have identical oligomeric conformations (dimeric). 
 
Figure 14. Purification and spectral analysis of fluorescence-quenched mutants F37Y and F37W. (A) 
Lane 1: F37W, Lane 2: F37Y, Lane 3: ladder, molecular mass indicated in kDa. (B) F37Y and F37W 
mutants show severely quenched fluorescence emission yields at 500 nm relative to the wild type protein. 
Samples were excited at 450 nm, and all values were normalized to protein concentrations as determined 
by the Bradford assay. 
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CHAPTER 5 
DISCOVERY OF NEW FbFPs USING GENOME MINING 
5.1 Introduction 
In order to fully realize the potential of LOV-based fluorescent proteins as new fluorescent tags, there is a 
pressing need to develop a well-characterized library of FbFPs with diverse biophysical and biochemical 
properties. In this work, we directly address this need using a genome mining approach to discover new 
FbFPs with improved properties. In particular, we discovered two entirely new fluorescent proteins based 
on algal LOV domains from Chlamydomonas reinhardtii and Vaucheria frigida, hereafter referred to as 
CreiLOV and VafLOV, respectively. We characterized the biochemical and biophysical properties of these 
newly discovered FbFPs, including quantum yield, photostability, oligomeric state, maturation kinetics, 
effect of hypoxia, thermal stability, and pH tolerance. We show that CreiLOV exhibits several key 
advantages including robust photostability, small size, rapid maturation of fluorescence, broad pH 
tolerance, and a high degree of thermal stability. Based on these results, we present CreiLOV as the brightest 
known FbFP and a new and robust fluorescent reporter. Our results show that genome mining, which has 
been successfully applied to discover novel enzymes, genetic control elements, and GFP variants, can be 
successfully used to uncover new FbFPs. Ultimately, this new class of fluorescent reporters based on FbFPs 
would be useful in studying complex systems such as acidic fermentation, anaerobic pathogenesis, or 
biological processes in extremophiles. 
5.2 Results and Discussion  
5.2.1 Mining natural LOV domains to identify new fluorescent proteins 
LOV domains are highly represented among diverse prokaryotic and eukaryotic organisms. However, 
individual LOV domains exhibit large degrees of variability in primary sequence. Among the existing set 
of LOV-based fluorescent proteins, PpFbFP and EcFbFP (derived from bacteria) share only 37 % amino 
acid sequence identity, whereas iLOV (derived from Arabidopsis thaliana) shares < 50 % sequence identity 
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with the bacterial FbFPs (Figure 3). A major goal of protein engineering is to maximize amino acid 
sequence diversity of a mutant library while preserving functional and structural integrity [124, 125, 136]. 
In this regard, achieving pareto optimality using conventional directed evolution approaches (e.g., random 
mutagenesis) can be particularly challenging [137-139]. For instance, despite several attempts, we have 
been unable to further engineer improved variants of PpFbFP F37S or iLOV using random mutagenesis 
with low to medium mutation rates. Based on the wide representation of naturally occurring LOV domains, 
we hypothesized that wild type LOV domain proteins offer a natural repertoire of sequence diversity that 
can be exploited to develop FbFPs with enhanced photophysical properties. To this end, we identified 21 
LOV domain proteins in 15 distinct genomes, based on homology to iLOV or to a multiple sequence 
alignment between PpFbFP, EcFbFP, and iLOV (Figure 3 and Table 5). LOV domains were cloned 
directly from the host microorganism or synthesized as codon-optimized genes for expression in an E. coli. 
Following cloning and expression, we screened the LOV domain protein products for fluorescence emission 
upon excitation with UV or blue light (450 nm). In some cases, wild type LOV domains contained a cysteine 
residue in the FMN-binding pocket; for these proteins, we incorporated a Cys→Ala mutation to avoid the 
natural LOV photocycle that generally results in loss of fluorescence.  
Using this approach, all 21 LOV domains were successfully expressed at appreciable levels in E. coli, 
though 19 LOV domains showed no significant fluorescence emission. Interestingly, 2 LOV domains 
corresponding to blue light photoreceptors in the fresh water algae Chlamydomonas reinhardtii [75, 83, 92] 
and the yellow green algae Vaucheria frigida [89, 140] were fluorescent under UV illumination (Figure 
15).  These proteins were purified to near homogeneity (Figure 15A), and we found that the purified 
proteins exhibited bright, cyan-green fluorescence (Figure 15A, inset). Following these identifications, we 
named FbFPs from Chlamydomonas reinhardtii and Vaucheria frigida as CreiLOV and VafLOV, 
respectively. Amino acid sequence alignment between the existing set of FbFPs, CreiLOV, and VafLOV 
revealed fewer than 50 % conserved amino acids (Figure 15B). Freshly purified proteins (concentration ~ 
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2 mg/mL) were stored at 4°C and were stable for subsequent biochemical and biophysical characterization 
experiments.  
5.2.2 Biophysical characterization of CreiLOV and VafLOV: fluorescence, quantum yield, 
photostability, and oligomeric state 
With a view towards enabling broad application of CreiLOV and VafLOV as general fluorescent reporters, 
we comprehensively characterized the photophysical properties of these fluorescent proteins. We found 
that CreiLOV and VafLOV exhibit finely structured fluorescence excitation spectra, with peaks in the UV-
A (350 – 370 nm) and blue (450 nm) regions of the spectrum (Figure 16A). In this regard, absorbance and 
fluorescence excitation spectra are similar to previously characterized FbFPs and LOV-based photoreceptor 
proteins. The fluorescence emission spectra for both CreiLOV and VafLOV (upon excitation at 450 nm) 
show a peak at 495 nm and a shoulder at 525 nm, analogous to existing FbFPs (Figure 16A). We determined 
quantum yields (QYs) for CreiLOV and VafLOV using FMN as a standard with known quantum yield 
(QYFMN = 0.27). We found that the QYs for CreiLOV and VafLOV were 0.51 and 0.23, respectively (Table 
6). We further determined the brightness of these fluorescent proteins, defined as the product of quantum 
yield and molar extinction coefficient of the FMN fluorophore (ε = 12,500 M-1 cm-1). Based on our results, 
CreiLOV (QY = 0.51) is the brightest known FbFP, with a quantum yield that is ~ 1.4-fold greater than 
iLOV, which was previously the brightest known FbFP. In this way, genome mining coupled with 
spectrofluorometric screening of rationally selected LOV domains appears to outperform earlier efforts in 
engineering bright FbFPs based on directed evolution, which typically requires screening of several 
thousands of mutants with moderate to low (or no) success.  
We further characterized the photostability of CreiLOV and VafLOV by observing photobleaching 
kinetics using fluorescence microscopy and laser excitation. For these experiments, we expressed CreiLOV 
and VafLOV in E. coli and quantified photobleaching kinetics in fixed cells immobilized on poly-L-lysine 
coated glass coverslips. Fixed cells were repeatedly scanned with a 488 nm laser line (0.5 mW power at the 
sample, typical of fluorescence imaging experiments) and imaged using fluorescence microscopy until 
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photobleached.. We observed that CreiLOV and VafLOV are relatively photostable with fluorescence 
decays described by single exponential kinetics, with first order time constants τ = 24.7 seconds and τ = 
38.4 seconds for CreiLOV and VafLOV, respectively (Figure 16B and Table 6). Under identical excitation 
and imaging conditions, iLOV photobleaches faster with a first order time constant τ = 16.0 seconds. In a 
second set of experiments, CreiLOV and VafLOV were immobilized in thin pads of agarose on a glass 
coverslip and repeatedly scanned using a 488 nm laser line. We observed that fixed cell photobleaching 
kinetics generally agreed with in vitro results on purified proteins, with the in vitro photobleaching process 
described by a single exponential decay with time constants τ = 29.7 and τ = 56.5 seconds for CreiLOV and 
VafLOV, respectively (Figure 16B and Table 6). 
Protein oligomerization is a generally undesirable property of fluorescent reporters, because the 
formation of oligomers can result in perturbations to transcriptional and translational fusions. Several LOV 
domain proteins display a pronounced tendency to oligomerize, which constitutes the basis for light-gated 
activity in cell signaling or as transcriptional factors. We characterized the oligomeric states of CreiLOV 
and VafLOV using size exclusion chromatography as well as native polyacrylamide gel electrophoresis, 
and we determined that CreiLOV is a monomer and VafLOV predominantly exists as a dimer (Table 6 and 
Figure 17). FbFPs such as iLOV exhibit an overall small size (110 amino acids), which provides a 
considerable advantage for generating translational fusions compared to the relatively bulky GFP-family 
proteins (238 amino acids). CreiLOV is relatively small at 119 amino acids, whereas VafLOV comprises 
174 amino acids. Our results directly show that CreiLOV is comparable in size to iLOV, which is the 
smallest known FbFP. Considering the entirety of the results based on brightness, size, and photostability, 
CreiLOV emerges as a new and highly promising FbFP with superior biophysical and photophysical 
properties in the repertoire of LOV-based fluorescent proteins. 
5.2.3 Effects of temperature and pH on CreiLOV and VafLOV fluorescence 
In prior work, we demonstrated that FbFPs (specifically, iLOV and EcFbFP) are characterized by a high 
degree of thermal stability, which constitutes an important attribute to enable their application for the study 
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of thermophilic bacteria, several of which are obligate anaerobes. Therefore, we conjectured that CreiLOV 
and VafLOV might display high levels of thermal stability.  
Indeed, we found that CreiLOV is comparable to iLOV in thermal stability, generally retaining 84 % and 
72 % of room-temperature fluorescence upon prolonged incubation at 50 °C and 60 °C (Figure 18A). 
Interestingly, and in contrast, VafLOV readily loses fluorescence at high temperatures, retaining only 11 % 
of its room-temperature fluorescence at 60 °C. Both CreiLOV and VafLOV are rapidly destabilized at 70 
°C; under these conditions, the fluorescence emission spectrum for the sample appears as the emission 
spectrum of free FMN with a peak at 525 nm, rather than spectrum of the FMN-bound holoprotein (Figure 
18B). The poor thermostability of VafLOV relative to CreiLOV is in agreement with a statistical estimate 
of protein stability based on the occurrence of specific destabilizing dipeptides in a protein sequence — in 
particular, CreiLOV is predicted to be stable (instability index, II = 21.51), while VafLOV is predicted to 
be unstable (II = 40.93).   
We further characterized the pH dependence of fluorescence emission for purified CreiLOV and 
VafLOV proteins at pH 2, 3, 9, and 11. Fluorescence emission intensity was normalized to the peak 
fluorescence measured at 495 nm and pH 7. Strikingly, CreiLOV is fluorescent over a broad pH range (pH 
3 - 11), retaining 82 % and 66 % of fluorescence emission upon prolonged incubation (2.5 hours) at pH 11 
and 3, respectively (Figure 19A). The pH tolerance of CreiLOV is superior to both EcFbFP and iLOV. In 
addition, VafLOV also shows substantial robustness to extreme pH conditions, retaining ~70 % and 52 % 
of fluorescence at pH 11 and 3, respectively (Figure 19A). At pH 2, both CreiLOV and VafLOV are 
destabilized, and the fluorescence emission spectrum for the sample appears as the emission spectrum of 
free FMN with a peak at 525 nm (Figure 19B). Overall, the pH stability of FbFPs such as CreiLOV and 
VafLOV sharply contrasts with GFP-based probes; for example, YFP readily loses fluorescence in acidic 
conditions, retaining < 10 % of its maximum fluorescence upon incubation at pH 4. The thermal stability 
and broad operational pH range of CreiLOV make it a promising candidate as a versatile and robust 
fluorescent probe naturally suited for unprecedented applications in extremophilic conditions involving 
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thermophiles, acidophiles, and alkaliphilic microbes. Furthermore, the robust thermal stability and broad 
operational pH range of CreiLOV make it an ideal parent molecule to develop more robust variants using 
structure-guided engineering or directed evolution based approaches.  
5.2.4 Fluorescence recovery after denaturation 
Maturation of fluorescence in GFP-based probes is rate limited by chromophore oxidation, generally 
requiring 10-40 minutes for half-maximal fluorescence recovery. Fluorescence maturation in GFP is 
typically characterized by quantifying the time required for the recovery of fluorescence emission in 
preparations of denatured GFP wherein the chromophore has been reduced. We introduced a similar 
approach to characterize fluorescence maturation kinetics in LOV-based fluorescent proteins by first 
deflavinating the proteins at high temperature (70 °C for 1 hour), followed by rapid cooling of the sample 
to room temperature. Heat releases the protein-bound FMN, thereby resulting in a decrease in the 
fluorescence emission intensity near the 495 nm peak. Cooling results in non-covalent association between 
apoprotein and free FMN, thereby resulting in the reappearance of a fluorescence emission peak at 495 nm. 
Using this approach, we observed that fluorescence emission was rapidly restored for CreiLOV upon 
cooling of protein samples to room temperature after heating (Figure 20A). Fluorescence recovery was fast 
and half-maximal recovery appeared to occur within at least 2 minutes, which is the minimum time required 
by the temperature-controlled fluorescence spectrometer in cooling the sample from 70 °C to 25 °C.  
Fluorescence of renatured CreiLOV saturated to approximately 60 % of its initial fluorescence prior to 
deflavination. In contrast, VafLOV was irreversibly denatured by heat and could not be renatured into a 
fluorescent form upon cooling from 70 °C to room temperature (Figure 20B). We previously demonstrated 
that iLOV and EcFbFP are also characterized by rapid acquisition of fluorescence following thermal 
deflavination and cooling. However, CreiLOV turns out to be unique as it simultaneously integrates fast 
maturation with small size, improved brightness, and robust photostability, unlike either iLOV or EcFbFP. 
Fast maturing robust reporters such as CreiLOV could prove particularly useful for monitoring biological 
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events with turnover times faster than typical time scales of GFP fluorescence maturation, such as 
intranucleoid diffusion of chromosome binding proteins and neuronal spiking. 
5.3 Conclusions 
Directed evolution is widely used to engineer improved enzymes and fluorescent proteins; however, 
genome mining is a promising alternative particularly in case of proteins with a wide natural sequence 
diversity as in the case of LOV-domain proteins.  Based on our current results, genome mining appears to 
have outperformed our earlier efforts in engineering improved FbFPs using directed evolution. Using this 
approach, we were successful in identifying two new fluorescent proteins by screening a relatively small 
number of LOV domains. Importantly, our results show that CreiLOV is a promising LOV-based 
fluorescent protein, exhibiting key advantages over existing members of the FbFP family. In prior work, 
we showed that FbFPs have several useful properties in addition to oxygen-independent fluorescence. 
However, individual FbFPs typically demonstrated a natural trade-off in their characteristics. For example, 
previously identified FbFPs show a broad pH range but may be limited due to a relatively larger size (e.g., 
EcFbFP), or could be small and thermostable, yet relatively less photostable (e.g., iLOV). In contrast, 
CreiLOV is bright (1.4-fold improvement), photostable (1.5-fold improvement), small, monomeric, 
thermostable, and shows a broad operational pH range, and rapid acquisition of fluorescence (T1/2 ~ 2 min). 
From this perspective, CreiLOV appears to embody beneficial properties of the original set of FbFPs in a 
single variant, similar in principle to the construction of an optimal chimera via shuffling of homologous 
genes. We note however that the “evolution” of CreiLOV using approaches such as family shuffling may 
have been challenging due to the high degree of sequence variability between FbFPs in particular and LOV-
domain proteins in general. Interestingly, although both VafLOV and CreiLOV originate from algal 
sources, VafLOV differs substantially from CreiLOV in demonstrating better photostability albeit at the 
cost of reduced brightness, poor thermal stability, and larger size.  
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In summary, we anticipate that our work could provide a platform to develop the nascent albeit rapidly 
emerging family of LOV-based fluorescent proteins, thereby extending fluorescence imaging to an exciting 
and extensive class of biological systems (e.g. extremophiles and human gastrointestinal microbiota) that 
remain intractable using probes such as GFP.  
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Tables and Figures 
Table 5. LOV domains screened for fluorescence 
S. No. Name Uniprot ID Organism LOV boundary 
1 RsLOV Q3J4A0 Rhodobacter sphaeroides Full length protein 
2 NpCMS1 Q3ITW5 Natronomonas pharaonis 156 – 262 
3 HmCMS1 Q5V5P7 Haloarcula marismortui 156 – 265 
4 HmCMS2 Q5V5P7 Haloarcula marismortui 281 – 387 
5 HmCMS3 Q5V5P7 Haloarcula marismortui 406 – 513 
6 HlCMS1 B9LXB3 Halorubrum lacusprofundi 127 – 233 
7 NmCMS1 D3SVK4 Natrialba magadii 148 – 252 
8 HuCMS1 C7NQP5 Halorhabdus utahensis 161 – 267 
9 MmCMS1 Q8PXX3 Methanosarcina mazei 213 – 322 
10 MmCMS2 Q8PXX3 Methanosarcina mazei 345 – 447 
11 MmarCMS1 D9PX26 Methanothermobacter marburgensis 19 – 129 
12 MmarCMS2 D9PX26 Methanothermobacter marburgensis 275 – 378 
13 TpCMS1 FOLLP6 Thermococcus barophilus 325 – 429 
14 AbCMS1 B5IEE2 Aciduliprofundum boonei 131 – 234 
15 AbCMS2 B5IEE2 Aciduliprofundum boonei 673 – 775 
16 AbCMS3 B5IEE2 Aciduliprofundum boonei 968 – 1070 
17 AsLOV2 O49003 Avena sativa 404 – 546 
18 AcvLOV2 Q9ZWQ6 Adiantum capillus vernis 924 – 1051 
19 CreiLOV Q8LPE0 Chlamydomonas reinhardtii 16 – 133 
20 VafLOV A8QW55 Vaucheria frigida 176 – 348 
21 XaLOV Q8PJH6 Xanthomonas axonopodis 39 – 142 
LOV boundary indicates the amino acid positions corresponding the LOV domains identified using Pfam.  
Table 6. Biophysical properties of CreiLOV and VafLOV. 
Protein Quantum 
yield 
Brightness Photo-bleaching time 
constant in vitro (s) 
Photo-bleaching 
time constant in 
fixed cells (s) 
Oligomeric 
state 
CreiLOV 0.51  6375 29.7 ± 0.7 24.7 ± 0.7 monomer 
VafLOV 0.23 2875 56.5 ± 1.1 38.4 ± 0.8 dimer 
iLOV 0.34 4250 24.4 ± 0.7 16.0 ± 0.6  monomer 
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Figure 15. Identification of CreiLOV and VafLOV as oxygen-independent fluorescent proteins. (A) 
Denaturing polyacrylamide gel electrophoresis of purified CreiLOV and VafLOV run at 160 V for 40 min. 
Lane 1: Protein markers (with molecular weights indicated in kDa), Lane 2: CreiLOV, Lane 3: VafLOV.  
(B) Amino acid sequence alignment between CreiLOV, VafLOV, PpFbFP, EcFbFP, and iLOV. Amino 
acids that are conserved in at least 50 % of the FbFPs are shaded using identical colors.  
 
Figure 16. Biophysical characterization CreiLOV and VafLOV — fluorescence spectra and 
photobleaching. (A) Purified proteins samples were illuminated at a wavelength of 450 nm, and the 
emission spectra were recorded between 470 nm and 600 nm. Excitation spectra were recorded by 
monitoring emission at 540 nm while scanning the excitation wavelength from 300 nm to 520 nm. (B) 
Fluorescence microscopy was used to study the photobleaching kinetics of CreiLOV and VafLOV either 
in fixed E. coli cells or using proteins immobilized in 1 % agarose pads (in vitro), which were continuously 
illuminated with 488 nm laser excitation. Mean fluorescence intensities were quantified and fit to single 
exponential decay kinetics. The data represent the mean fluorescence intensities of regions of interest of 3 
independent replicates (in vitro measurements) or 12 single cells (fixed cell measurements).   
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Figure 17. Oligomeric states of CreiLOV and VafLOV. (A) Purified CreiLOV and VafLOV were loaded 
(100 μL volume) in a 25 mL column volume Superdex 200 size exclusion chromatography column and 
resolved using 1X phosphate buffered saline as the running buffer. Dimeric VafLOV elutes earlier than 
monomeric CreiLOV (B) Purified CreiLOV and VafLOV were loaded on a 12 % nondenaturing 
polyacrylamide gel and electrophoresed in nondenaturing electrophoresis buffer at 160 V for 40 minutes.. 
CreiLOV is seen to comigrate with iLOV indicating its monomeric nature, while VafLOV migrates slower 
owing to its dimeric state and larger molecular weight. 
 
 
 
Figure 18. Thermal stability of CreiLOV and VafLOV. (A) Fraction of peak fluorescence (relative to 
fluorescence emission at 495 nm at 25 °C retained by CreiLOV and VafLOV following incubation at 37 
°C, 50 °C, 60 °C, and 70 °C for 2.5 h. (B)  CreiLOV and VafLOV are deflavinated upon incubation at 70 
°C and are characterized by a loss of the FbFP emission spectrum and the appearance of an FMN-emission 
spectrum with a peak at 525 nm.  
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Figure 19. pH stability of CreiLOV and VafLOV. (A) Fraction of peak fluorescence (relative to 
fluorescence emission at 495 nm at pH 7 retained by CreiLOV and VafLOV following incubation at pH 3, 
6, 9, and 11 for 2.5 h. (B)  CreiLOV and VafLOV are deflavinated upon incubation at pH 2 and are 
characterized by a loss of the FbFP emission spectrum and the appearance of an FMN-emission spectrum 
with a peak at 525 nm. 
 
 
 
 
Figure 20. Fluorescence maturation in CreiLOV and VafLOV. CreiLOV and VafLOV were 
deflavinated by incubation at 70 °C for 1 h, which is accompanied by a progressive loss of peak fluorescence 
emission at 495 nm. Following thermal treatment, temperature was rapidly (≈ 2 min.) lowered from 70 °C 
to 25 °C using a temperature-controlled fluorescence spectrometer. (A) Upon cooling to 25 °C, CreiLOV 
rapidly regains fluorescence, indicative of fast renaturation and fluorescence recovery. (B) VafLOV was 
irreversibly deflavinated and did not regain fluorescence even after incubation at room temperature for 1 
hour. The process is schematically indicated in the figure.  
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CHAPTER 6 
FbFPs AS TRANSCRIPTIONAL REPORTERS 
6.1 Introduction3 
GFP and homologous proteins are widely used as intracellular reporters for monitoring real-time gene 
expression. In this approach, transcriptional fusions are typically constructed between GFP and regulatory 
elements such as promoters and ribosome binding sites [6, 10, 141-144]. Fluorescence readout from cells 
expressing these transcriptional fusions can be used to noninvasively monitor dynamic gene expression as 
functions of cell growth or environmental stimuli. Experimental estimates of promoter activity (often 
expressed as the ratio of fluorescence to absorbance at 600 nm, F/A600 nm) provide valuable data for 
interrogating and deriving regulatory mechanisms underlying genetic networks, as well as to investigate 
the response of a gene network to environmental stimuli [144-149]. In this way, fluorescent proteins 
function as noninvasive and real-time reporters to characterize and derive transfer functions of natural or 
engineered genetic and metabolic networks, which in turn enables rational tuning of genetic networks [16]. 
Based on the considerable promise of FbFPs as robust and oxygen-independent fluorescent reporters, we 
investigated the potential of FbFPs as viable transcriptional reporters of gene expression and promoter 
activity. Using a set of transcriptional fusion constructs between FbFPs and constitutive as well as inducible 
bacteriophage promoters, we demonstrate that FbFPs (in particular iLOV and CreiLOV) can be used to 
readily monitor gene expression dynamics in a bacterial system. Taken together with their anaerobic 
fluorescence, our proof-of-principle experiments suggest that FbFPs can be particularly useful as 
                                                 
3 Parts of the chapter reproduced from Mukherjee, A., Walker, J., Weyant, K.B., & Schroeder, C.M. 
Characterization of flavin-based fluorescent proteins: an emerging class of powerful fluorescent probes. 
PLOS ONE. 8:5. (2013) doi:10.1371/journal.pone.0064753 
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fluorescent reporters to study oxygen-dependent gene regulation systems in facultative and obligate 
anaerobes.  
6.2 Results and Discussion 
6.2.1 Activity of bacteriophage T5 promoter in exponential phase of E. coli growth 
We selected the bacteriophage T5-lacO synthetic hybrid promoter as an inducible promoter of choice to 
validate the application of FbFPs as transcriptional reporters as the T5 promoter is fairly strong and 
inducible using isopropyl β-D-1-thiogalactopyranoside (IPTG) [150, 151]. Furthermore, the T5 promoter 
is widely used in laboratory and pilot-scale experiments for the production of recombinant proteins. In a 
first set of experiments, we cloned the widely used yellow fluorescent protein (YFP) under transcriptional 
control of the T5 promoter, which serves as a benchmark reporter to compare and validate gene expression 
profiles obtained using FbFPs as transcriptional reporters. Cells expressing T5-YFP were cultured in 
minimal M9 medium supplemented with glucose or glycerol as the carbon source and promoter activity 
was monitored using fluorescence spectrometry. IPTG concentrations were varied (0.01, 0.1, 1, and 10 
mM) to access different levels of transcriptional activity. Whole cell fluorescence (F) and absorbance at 
600 nm (A600 nm) were measured. Analysis was restricted to the exponential phase of cell growth (0.4 <   
A600 nm < 0.8). We verified that net cellular fluorescence increases ~ 2-fold during exponential growth for 
both glucose and glycerol-fed cultures (Figures 21A and B). Interestingly, at low concentrations of IPTG 
(0.01 mM) YFP fluorescence exhibits a larger increase (~ 4-fold) in case of cells grown using glucose as 
the principle carbon source (Figure 21A). In contrast to overall fluorescence, promoter activity, measured 
as the normalized cellular fluorescence (F/A600 nm), remains approximately constant or increases very slowly 
(< 0.1 h-1) with time over the exponential phase of cell growth (Figures 21C and D) [152]. During 
exponential phase growth, intracellular synthesis of fresh reporter protein is balanced by dilution due to cell 
growth. Additional factors such as degradation of reporter proteins as well as precipitation in inclusion 
bodies may also contribute to the loss of the overall fluorescence signal, particularly in case of strong 
bacteriophage promoters. Taken together, these factors presumably result in steady-state promoter 
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dynamics, characterized by relatively small changes in promoter activity [10, 141]. Therefore, fluorescence 
from reporters coupled to the T5 promoter is expected to remain nearly invariant or increase slowly during 
the exponential growth phase. Steady state promoter dynamics was further validated using Western blot 
measurements to estimate the production of YFP at three time points corresponding to exponential phase 
of growth (Figure 22). The slight deviation from steady state dynamics observed at the lowest concentration 
of IPTG for glucose-fed cultures (Figure 21C) may result from a higher overall turnover of YFP at this 
concentration as loss of fluorescence via protein degradation and precipitation in inclusion bodies can be 
expected to be substantially lower at low concentrations of IPTG.  
6.2.2 FbFPs as transcriptional reporters of activity of the T5 promoter 
In order to investigate the suitability of FbFPs as reporters of gene expression in wild type E. coli 
MG1655, we generated a series of transcriptional reporter constructs based on FbFPs. Specifically, we 
cloned and expressed iLOV, EcFbFP, PpFbFP, CreiLOV, and VafLOV in E. coli under transcriptional 
control of the T5-lacO hybrid bacteriophage promoter, whose activity was induced using IPTG at 
concentrations between 0.01 mM and 10 mM. T5-FbFP expressing cells were grown in M9 medium using 
glucose or glycerol as the principle carbon source. We observed that total fluorescence from cells 
expressing T5-iLOV increased ~ 2-fold over the exponential phase of growth (Figures 23A and B). As 
seen in the case of cells expressing T5-YFP, iLOV fluorescence increased ~ 4-fold at the lowest 
concentration of IPTG (0.01 mM) for cells grown in glucose-based M9 medium (Figure 23A). As expected, 
normalized fluorescence remained nearly invariant with time (Figures 23C and D), indicating that iLOV 
accurately captures steady state dynamics of the T5 promoter during the exponential phase of cell growth 
in a manner that is analogous to benchmark transcriptional reporters such as YFP.  
In contrast to iLOV-expressing cells, fluorescence of glucose-fed E. coli cells expressing T5-PpFbFP, 
T5-EcFbFP, and T5-CreiLOV increased with absorbance only at low to medium concentrations of IPTG 
(0.01 and 0.1 mM) while fluorescence remained nearly constant at higher concentrations of IPTG (1 and 
10 mM) (Figures 24-26) . Furthermore, in case of glycerol-fed cells, fluorescence remained nearly constant 
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with time even at an IPTG concentration of 0.1 mM (Figures 24B, 25B, and 26B). Accordingly, normalized 
fluorescence (F/A600 nm) displays a decreasing trend with time under these conditions (Figures 24-26). 
Interestingly, fluorescence of cells expressing T5-VafLOV was only marginally enhanced over background 
fluorescence of uninduced cells even at higher concentrations of IPTG (Figure 27). The low cellular 
fluorescence of VafLOV cultures can be explained in part by the ~ 50 % reduced quantum yield of VafLOV 
compared to CreiLOV and iLOV and/or poor solubility. 
Based on these results, the bacterial and algal FbFPs (EcFbFP, PpFbFP, CreiLOV, and VafLOV) appear 
to deviate from the expected dynamics of the T5 promoter particularly under conditions of enhanced 
metabolic burden resulting from high levels of protein expression (> 0.1 mM IPTG) and/or growth using a 
poor carbon source, such as glycerol. Based on Western blot experiments, the decreasing fluorescence 
observed in the case of PpFbFP and EcFbFP can be explained in part by intracellular degradation of these 
proteins upon overexpression (Figure 22). Several additional intracellular mechanisms can explain the 
differences in expression profiles between iLOV and the microbial FbFPs. For example, progressive loss 
of fluorescence with time may be a consequence of incomplete formation of PpFbFP, EcFbFP, and 
CreiLOV holoproteins, if the rate of freshly synthesized cellular proteins far exceeds the available 
intracellular FMN pool, particularly in the case of high levels of protein expression or for cells grown using 
a poor carbon source such as glycerol. In addition, expression of PpFbFP and EcFbFP may impose a greater 
burden on cellular flavin resources owing to their dimeric nature or stronger affinity for FMN compared to 
iLOV. As a result, progressive depletion of cellular flavin would lead to in vivo synthesis of EcFbFP and 
PpFbFP existing in predominantly apo-forms. Finally, iLOV and the microbial FbFPs (PpFbFP, EcFbFP, 
CreiLOV, and VafLOV) may also differ in their relative solubilities. In this scenario, poor solubility of the 
microbial FbFPs may lead to rapid loss of fluorescence signal via precipitation as inclusion bodies at high 
levels of protein expression. Indeed, sequence analysis using the ESPRESO (Estimation of Protein 
Expression and Solubility [153]) software suggests that PpFbFP is characterized by poor cytoplasmic 
solubility owing to the occurrence of hydrophobic patches YVNPAF (amino acids 32-37) and ELSITP 
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(amino acids 96-101). Similarly, EcFbFP and CreiLOV also contain hydrophobic patches — LDHVRV 
(amino acids 20-25) and GLRHTFVV (amino acids 3-10) respectively, which may lower overall protein 
solubility. In contrast, iLOV does not appear to contain similar hydrophobic patches, which could indicate 
a higher level of solubility for iLOV compared to PpFbFP, EcFbFP, and CreiLOV.    
6.2.3 iLOV as transcriptional reporter for a constitutive promoter 
In order to further evaluate the scope of iLOV as a robust reporter of gene expression, we constructed a 
transcriptional fusion between iLOV and a constitutive phage lambda PL promoter [154]. The promoter-
reporter cassette was integrated in a low copy promoter probe plasmid constructed in our lab. The phage 
lambda promoter contains operator sequences recognized by the tetracycline repressor TetR protein. In the 
absence of TetR in E. coli MG1655, the promoter behaves as a constitutive promoter. E. coli cells harboring 
the above expression constructs were grown in M9 medium using glucose or glycerol as the carbon source. 
We compared gene expression profiles in the logarithmic phase of cell growth using iLOV and GFP as 
reporters. Similar to results obtained with the T5 promoter, we observed good agreement between gene 
expression assayed using iLOV and GFP (Figure 28).  
6.2.4 Effect of FbFP expression on cell growth 
As FbFPs depend on an essential cellular metabolite (flavin) for maturation of fluorescence, it behooves 
us to determine whether or not intracellular expression of these FbFPs impairs cell growth. We observed 
that EcFbFP and iLOV expressing cells showed comparable exponential-phase growth rates as YFP 
expressing cells in glucose and glycerol-based media (Table 7). Furthermore, growth rates were also 
comparable in the case of E. coli cells expressing iLOV and GFP from the phage lambda promoter. 
However, PpFbFP expressing cells showed a longer lag phase as well as slower growth rates compared to 
cells expressing YFP or iLOV. Similarly, we found that T5-CreiLOV expressing cells cultured in glucose 
grew slower than cells expressing T5-iLOV or T5-VafLOV under similar conditions (Table 7). 
Furthermore, in the case of very high levels of induction (10 mM IPTG) or growth using a relatively poor 
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carbon source (glycerol) the T5-CreiLOV expressing cells displayed a substantially longer lag phase 
following protein expression. Our results suggest that expression of EcFbFP and iLOV impact cellular 
growth in a manner analogous to YFP or GFP, whereas PpFbFP and CreiLOV expression affect cellular 
growth particularly at high levels of protein induction or growth using a poor carbon source such as glycerol.  
6.3 Conclusions 
Application of GFP as a transcriptional reporter can be limited by its large size, pH-sensitivity, slow 
maturation, and importantly the requirement for oxygen to fluoresce. Fluctuations in oxygen-tension are 
typically encountered in batch culture experiments, which can interfere with the efficient maturation of 
GFP-based probes [46, 123, 155]. Furthermore, industrial- and pilot-scale fermentation frequently involve 
the maintenance of anaerobic cultivation conditions, which can preclude the use of GFP to optimize 
bioprocess parameters for the production of high value biomolecules such as biofuels, recombinant proteins, 
bioplastics, and antibiotics. In this work, we demonstrate the potential of FbFPs as viable transcriptional 
reporters for dynamic gene expression studies — taken together with their brightness, monomeric state, and 
overall thermal and pH stability, iLOV and CreiLOV specifically emerge as attractive candidates for 
tagging gene regulatory networks in systems and synthetic biology applications. Importantly, CreiLOV and 
iLOV are fluorescent in anaerobically grown cells, which is a key advantage over GFP for applications 
involving obligate and facultative anaerobes (Figure 29). Although CreiLOV expression appears to impose 
a certain degree of metabolic stress on cells at high levels of induction or during growth in poor carbon 
sources, its performance as an intracellular reporter can conceivably be improved further using approaches 
that enhance cellular FMN concentrations — for example, engineering flavin transporters or supplementing 
FMN in media in case of cells that naturally transport flavin (e.g. Bacillus subtilis or animal cells). In 
addition, CreiLOV can be further engineered to replace hydrophobic amino acids with charged residues in 
order to improve cytoplasmic expression and solubility. Such approaches will be crucial for extending 
CreiLOV as well as iLOV as fluorescent tags for interrogating a broad class of natural and engineered 
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genetic circuits, including weaker promoters and anaerobic gene expression which are of particular 
significance in several bacterial infections as well as microbial fermentation. 
 
 
Tables and Figures 
Table 7. Doubling times of E. coli MG1655 cells expressing various FbFPs, YFP, and GFP 
Protein Glucose (PT5) Glycerol (PT5) Glucose 
(PL) 
Glycerol 
(PL) 
 0.1 mM 1 mM 10 mM 0.1 mM 1 mM 10 mM   
YFP 2.3 h 2.2 h 2.2 h 3.4 h 3.3 h 2.9 h   
iLOV 1.5 h 2.0 h 2.2 ha 3.2 h 3.6 h 2.4 h 1.8 h 2.4 h 
PpFbFP 3.8 h 2.5 h 2.9 ha 5.3 ha 5.7 ha 4.7 ha   
EcFbFP 2.2 h 1.8 h 2.0 h 2.8 h 2.4 h 4.0 h   
CreiLOV 5.1 h 2.0 ha 2.4 ha 2.9 h 2.7 ha N.D.a   
VafLOV 1.7 h 3.4 h 6.7 h 2.7 h 7.9 h 9.4 h   
GFP       1.7 h 2.9 h 
Doubling times are calculated between time points that correspond to exponential growth as indicated by 
A600 nm values between 0.4 and 0.8. a Growth is characterized by extended lag phase of 10 hours or longer. 
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Figure 21. YFP as a transcriptional reporter of T5 promoter activity. E. coli MG1655 cells expressing 
YFP under transcriptional control of the phage T5 promoter were grown in M9 medium using glucose or 
glycerol as the carbon source. Fluorescence emission at 535 nm (F) and absorbance at 600 nm (A600 nm) were 
periodically recorded following induction of T5 promoter activity using IPTG at  concentrations of 0.01, 
0.1, 1, and 10 mM. Traces depict F vs. A600 nm for cells grown using (A) glucose or (B) glycerol as the 
principle carbon source. In addition, changes in promoter activity (measured as normalized fluorescence, 
F/A600 nm) as a function of time are depicted for cells grown using either (C) glucose or (D) glycerol. Time 
point t = 0, corresponds to the start of the exponential phase. All analysis is restricted to the exponential 
phase of cell growth defined as 0.4 < A600 nm < 0.8. During exponential growth, overall cellular fluorescence 
(F) increases nearly 2-fold, while promoter activity (F/A600 nm) shows nearly steady state dynamics 
characterized by small changes in gene expression. 
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Figure 22. Western blot measurements of total protein — YFP, PpFbFP, and EcFbFP. E. coli 
MG1655 cells respectively transformed with PpFbFP, EcFbFP, and YFP were induced for expression of 
the respective proteins using IPTG at 1 mM concentration in M9-glucose medium. Cell samples were 
collected at 2-3 time points corresponding to the exponential phase of growth. Protein expression was 
probed by western blotting using rabbit anti-PpFbFP, rabbit anti-EcFbFP, or  mouse anti-His6 primary 
antibodies against His6-tagged YFP. Expression was quantified by integrating intensity of bands  for YFP, 
PpFbFP, and  EcFbFP. Proteins were detected using horse radish peroxidase conjugated goat anti-rabbit 
and anti-mouse secondary antibodies and a chemifluorescent acridinium substrate (ECL Plus Western 
Blotting, GE). We observed that YFP expression was nearly invariant that is consistent with fluorescence 
measurements and confirms steady state dynamics of the T5 promoter. However, protein degradation was 
observed in the case of PpFbFP and EcFbFP. 
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Figure 23. iLOV as a transcriptional reporter of T5 promoter activity. E. coli MG1655 cells expressing 
iLOV under transcriptional control of the phage T5 promoter were grown in M9 medium using glucose or 
glycerol as the carbon source. Fluorescence emission at 535 nm (F) and absorbance at 600 nm (A600 nm) were 
periodically recorded following induction of T5 promoter activity using IPTG at  concentrations of 0.01, 
0.1, 1, and 10 mM. Traces depict F vs. A600 nm for cells grown using (A) glucose or (B) glycerol as the 
principle carbon source. In addition, changes in promoter activity (measured as normalized fluorescence, 
F/A600 nm) as a function of time are depicted for cells grown using either (C) glucose or (D) glycerol. Time 
point t = 0, corresponds to the start of the exponential phase. All analysis is restricted to the exponential 
phase of cell growth defined as 0.4 < A600 nm < 0.8. During exponential growth, overall cellular fluorescence 
(F) increases nearly 2-fold, while promoter activity (F/A600 nm) shows nearly steady state dynamics 
characterized by small changes in gene expression. Promoter activity profiles obtained using iLOV are 
similar to promoter activity profiles generated using YFP as a benchmark reporter.  
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Figure 24. PpFbFP as a transcriptional reporter of T5 promoter activity. E. coli MG1655 cells 
expressing PpFbFP under transcriptional control of the phage T5 promoter were grown in M9 medium 
using glucose or glycerol as the carbon source. Fluorescence emission at 535 nm (F) and absorbance at 600 
nm (A600 nm) were periodically recorded following induction of T5 promoter activity using IPTG at  
concentrations of 0.01, 0.1, 1, and 10 mM. Traces depict F vs. A600 nm for cells grown using (A) glucose or 
(B) glycerol as the principle carbon source. In addition, changes in promoter activity (measured as 
normalized fluorescence, F/A600 nm) as a function of time are depicted for cells grown using either (C) 
glucose or (D) glycerol. Time point t = 0, corresponds to the start of the exponential phase. All analysis is 
restricted to the exponential phase of cell growth defined as 0.4 < A600 nm < 0.8. In contrast to YFP and 
iLOV, overall cellular fluorescence (F) does not increase appreciably over the exponential phase of growth 
particularly at high IPTG concentrations (in excess of 0.1 mM) or during growth in glycerol. As a result 
promoter activity (F/A600 nm) appears to decrease with time.  
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Figure 25. EcFbFP as a transcriptional reporter of T5 promoter activity. E. coli MG1655 cells 
expressing EcFbFP under transcriptional control of the phage T5 promoter were grown in M9 medium 
using glucose or glycerol as the carbon source. Fluorescence emission at 535 nm (F) and absorbance at 600 
nm (A600 nm) were periodically recorded following induction of T5 promoter activity using IPTG at  
concentrations of 0.01, 0.1, 1, and 10 mM. Traces depict F vs. A600 nm for cells grown using (A) glucose or 
(B) glycerol as the principle carbon source. In addition, changes in promoter activity (measured as 
normalized fluorescence, F/A600 nm) as a function of time are depicted for cells grown using either (C) 
glucose or (D) glycerol. Time point t = 0, corresponds to the start of the exponential phase. All analysis is 
restricted to the exponential phase of cell growth defined as 0.4 < A600 nm < 0.8. In contrast to YFP and 
iLOV, overall cellular fluorescence (F) does not increase appreciably over the exponential phase of growth 
particularly at high IPTG concentrations (in excess of 0.1 mM) or during growth in glycerol. As a result 
promoter activity (F/A600 nm) appears to decrease with time.  
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Figure 26. CreiLOV as a transcriptional reporter of T5 promoter activity. E. coli MG1655 cells 
expressing CreiLOV under transcriptional control of the phage T5 promoter were grown in M9 medium 
using glucose or glycerol as the carbon source. Fluorescence emission at 535 nm (F) and absorbance at 600 
nm (A600 nm) were periodically recorded following induction of T5 promoter activity using IPTG at  
concentrations of 0.01, 0.1, 1, and 10 mM. Traces depict F vs. A600 nm for cells grown using (A) glucose or 
(B) glycerol as the principle carbon source. In addition, changes in promoter activity (measured as 
normalized fluorescence, F/A600 nm) as a function of time are depicted for cells grown using either (C) 
glucose or (D) glycerol. Time point t = 0, corresponds to the start of the exponential phase. All analysis is 
restricted to the exponential phase of cell growth defined as 0.4 < A600 nm < 0.8. In contrast to YFP and 
iLOV, overall cellular fluorescence (F) does not increase appreciably over the exponential phase of growth 
particularly at high IPTG concentrations (in excess of 0.1 mM) or during growth in glycerol. Under these 
conditions cells also grow very slowly (see Table 7 for details), as a result of which only a few time points 
were available for analysis. As in the case of EcFbFP and PpFbFP, promoter activity (F/A600 nm) appears to 
decrease with time.  
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Figure 27. VafLOV as transcriptional reporter in E. coli. VafLOV was expressed in E. coli MG1655 
cells using an IPTG-inducible T5 bacteriophage promoter. Fluorescence at 495 nm (F495 nm) and absorbance 
at 600 nm (A600 nm) were recorded over the logarithmic phase growth for cells grown in M9 medium 
supplemented with (A) glucose and (B) glycerol. F495 nm versus A600 nm are depicted for uninduced cells 
(control), as well as for cells induced for T5 promoter activity using 0.01 - 10 mM IPTG. Whole cell 
fluorescence is expected to increase linearly with cell density over the logarithmic phase of cell growth (0.4 
< A600 nm < 0.8). VafLOV expressing cells are only marginally brighter than uninduced cells, which can be 
attributed to the relatively low quantum yield of VafLOV (QYVafLOV = 0.23), among other factors (see text 
for details). Larger concentrations of IPTG did not result in appreciable increases in fluorescence, which 
could reflect an upper limit of fluorescence in FbFPs that can be caused by a saturation of intracellular 
flavin availability for maturation of the holoprotein. Each data point represents the mean of 3 independent 
replicates.  
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Figure 28. iLOV and GFP as transcriptional reporters of constitutive promoter activity. E. coli 
MG1655 cells expressing iLOV or GFP under transcriptional control of the constitutive phage λ PR 
promoter were grown in M9 medium using glucose or glycerol as the carbon source. Fluorescence emission 
(F) and absorbance at 600 nm (A600 nm) were periodically recorded. Traces depict F vs. A600 nm for cells grown 
using (A) glucose or (B) glycerol as the principle carbon source. In addition, changes in promoter activity 
(measured as normalized fluorescence, F/A600 nm) as a function of time are depicted for cells grown using 
either (C) glucose or (D) glycerol. Time point t = 0, corresponds to the start of the exponential phase. All 
analysis is restricted to the exponential phase of cell growth defined as 0.4 < A600 nm < 0.8. During 
exponential growth, overall cellular fluorescence (F) increases nearly 2-fold, while promoter activity 
(F/A600 nm) shows nearly steady state dynamics characterized by small changes in gene expression. Promoter 
activity profiles obtained using iLOV and GFP show generally similar trends.  
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Figure 29. Expression of CreiLOV and iLOV in anaerobically-cultured bacterial cells. In this experiment, 
E. coli MG1655 cells were grown in M9 medium supplemented with 20 mM glucose (as a carbon source) 
and 20 mM potassium nitrate (as an electron acceptor). Anaerobic conditions were established by growing 
the cells in air-tight stoppered Balch tubes filled completely with growth media and evacuated for ~30-60 
minutes using vacuum suction. Anaerobic cultures were grown without shaking. Cells were induced with 
0.1 mM IPTG for 12–16 hours, resuspended in 2 mL phosphate buffered saline, and fluorescence emission 
spectra were obtained by using a fluorescence spectrophotometer upon excitation at 450 nm excitation. 
Inset: E. coli cells expressing CreiLOV or YFP were grown under aerated as well as anaerobic conditions 
and induced for fluorescent protein expression using 0.1 mM IPTG for 12-16 hours. Cell cultures were 
centrifuged and the supernatant was removed taking care not to let in air for the anaerobically cultivated 
cells. Cell pellets were imaged under UV illumination. CreiLOV pellets are clearly fluorescent under both 
aerobic and anaerobic conditions while YFP pellets are fluorescent only in case of aerobically cultivated 
cell cultures.  
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CHAPTER 7 
BINDING INTERACTIONS BETWEEN FbFPs AND FLAVINS 
7.1 Introduction 
FbFPs develop fluorescence via association with flavin mononucleotide (FMN) that is naturally 
available in most cells [117]. As a result, fluorescence in FbFPs is critically dependent on the availability 
of FMN as well as the strength of noncovalent association between FbFPs and FMN. For this reason, 
binding studies between FbFPs and FMN can potentially reveal important biophysical insights on the 
development of fluorescence in FbFPs, which would be useful for understanding and improving FbFPs as 
a practical set of fluorescent reporters. These studies, however require the preparation of purified FbFPs in 
a flavin-free or apo form in order to monitor the effects of flavin-addition to deflavinated FbFPs. Bacterial 
expression and purification of FbFPs in a flavin-free form is challenging as most bacteria naturally produce 
cytoplasmic flavins in  order to sustain metabolism as well as furnish cofactors for a broad class of 
flavoenzymes.  Although the development of E. coli strains with deletions in key flavin synthesis genes has 
been reported (E. coli CmpX131), such cells are typically flavin auxotrophs and require supplementation 
of growth media with flavins in order to ensure viability [156-158]. Alternatively, cell-free protein 
expression systems present a potential platform for the synthesis of FbFPs in a flavin-free form [159]. Cell-
free expression systems are however typically characterized by very low protein yields, which could make 
it cumbersome to generate sufficient quantities of purified apo FbFPs to enable binding experiments [160]. 
A third alternative for the production of apo FbFPs involves expression and purification of FbFPs in their 
natural holo form followed by deflavination in order to generate the apo protein. Deflavination of 
flavoenzymes has been demonstrated using several approaches including thermal or chemical denaturation, 
trichloroacetic acid precipitation, acidification, and treatment with potassium bromide [158, 161-165]. 
Although, mild chemical treatments such as deflavination using low concentrations of urea and potassium 
bromide are desirable, such approaches may fail in case of flavoproteins that tightly associate with flavin 
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cofactors. In contrast, while “harsher” approaches such as thermal denaturation generally deflavinate most 
flavoproteins successfully, such approaches may result in the irreversible deflavination of FbFPs (for 
example, via irreversible unfolding) that would preclude downstream binding studies. In this work, we 
present an optimized protocol for reversible deflavination of two members of the FbFP family — 
specifically, iLOV and EcFbFP. As apo FbFPs are nonfluorescent in contrast to their holo forms, we could 
readily analyze flavin-binding using fluorescence spectroscopy. Using this approach, we showed that both 
the monomeric iLOV and dimeric EcFbFP bind FMN with similar affinities. Furthermore, we demonstrate 
that apo iLOV and apo EcFbFP are promiscuous in their affinities for flavin-like molecules and appear to 
bind flavin adenine dinucleotide (FAD) as well as riboflavin (RF) with similar affinities as for FMN.  
7.2 Results and Discussion 
7.2.1 Deflavination of EcFbFP and iLOV 
In Chapter 3, we demonstrated that iLOV and EcFbFP could be reversibly denatured using heat. In 
particular heating EcFbFP or iLOV at 70 °C for 30 minutes to an hour was sufficient to completely 
deflavinate the proteins as judged by a loss of the characteristic FbFP emission spectrum and the appearance 
of free FMN spectrum (Figure 8). Thermal deflavination was reversible — however, FbFPs re-associated 
with FMN rapidly upon cooling, which made it difficult to separate the deflavinated FbFP from free FMN 
using ultracentrifugation or column chromatography. Furthermore, washing FbFPs bound to a nickel-
chelating affinity chromatography column, with heated buffers typically resulted in excessive leaching of 
nickel from the matrix, rendering this approach also unsuitable for thermal deflavination of FbFPs. 
Tricholoroacetic acid precipitation appeared to readily deflavinate FbFPs as judged by loss of fluorescence 
– however, the deflavination appeared to be irreversible. Alternative approaches involving treatment of 
FbFPs bound to affinity chromatography columns using deflavinating buffers comprising 4-8 M urea and 
2 M potassium bromide were found to be unsuitable for deflavination even after prolonged incubation of 
FbFPs in these conditions. Nevertheless, we were able to successfully deflavinate iLOV and EcFbFP using 
a denaturing buffer comprising 6 M guanidine hydrochloride. Specifically, the FbFPs were first bound to a 
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nickel-chelating chromatography column using a N-terminus hexahistidine tag in order to minimize 
chances of aggregation of unfolded proteins in free solution. Column bound FbFPs were then washed with 
the denaturing buffer several times followed by an overnight incubation in denaturing buffer at 4 °C. At 
this stage the FbFPs were sufficiently deflavinated as judged by loss of visible fluorescence. Denaturing 
buffer was completely removed by washing the FbFPs using Tris-based column wash buffer. Finally, the 
FbFPs were eluted and further purified using anion exchange chromatography or dialysis to eliminate 
imidazole and traces of guanidine hydrochloride from the solution. Using this approach we were able to 
readily produce sufficient quantities of purified apo iLOV and apo EcFbFP, which could be rendered 
fluorescent by the addition of FMN, indicating reversible deflavination (Figure 30). Substantial loss of 
bound FMN was confirmed  on the basis of loss of visible fluorescence as well as absence of absorbance at 
450 nm, which is the absorbance maximum of free and protein-bound FMN. Apo iLOV and apo EcFbFP 
were stored at 4 °C typically in a high salt buffer (1 M NaCl) and used within a week of their preparation. 
We note, however, that we were unable to deflavinate two FbFPs recently discovered in our lab (specifically 
CreiLOV and VafLOV) using a similar approach.  Taken together, our results suggest that the FbFPs are 
likely highly stable in their folded, FMN-bound holo conformation, which corroborates our earlier work 
demonstrating a high degree of thermal and pH stability in several FbFPs including iLOV, EcFbFP, and 
CreiLOV. 
7.2.2 Binding interactions between apo FbFPs and FMN 
Apo iLOV and apo EcFbFP fluoresce upon the addition of FMN. This enabled us to characterize FbFP-
FMN association using fluorescence spectroscopy. Specifically, small aliquots of FMN were titrated in a 
solution of apo iLOV or apo EcFbFP and changes in the fluorescence emission spectrum upon excitation 
at 450 nm were monitored. FMN binding was characterized by the progressive appearance of an emission 
spectrum characteristic of FMN-bound FbFP, with a peak at ~ 495 nm (Figure 31A and B). Increase in 
peak fluorescence was used to calculate fractional saturation of FbFPs with FMN, which was then used to 
estimate the dissociation constant using nonlinear least squares regression and assuming a simple 1:1 
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binding model without cooperative or allosteric effects (Chapter 2). The titration curves were well 
described by this model and revealed a moderate binding between the apo FbFPs and FMN with a 
dissociation constant of 148.9 nM and 121 nM for EcFbFP and iLOV respectively  (Figure 31C, Table 8).  
Furthermore, circular dichroism (CD) spectra of apo and reconstituted FbFPs were nearly identical 
indicating that our method for the deflavination and reconstitution of FbFPs did not significantly perturb 
the FbFP secondary structure (Figure 31D). 
7.2.3 Binding interactions between apo FbFPs and riboflavin and flavin adenine dinucleotide 
Flavin-based cofactors typically exist in three forms — riboflavin (RF), flavin mononucleotide (FMN), 
and flavin adenine dinucleotide (FAD), all of which are characterized by an isoalloxazine ring structure. 
FMN is enzymatically synthesized by flavokinase upon phosphorylation of RF that is synthesized in vivo 
in most bacterial cells or transported from the growth medium by riboflavin transporters in eukaryotes. 
FAD is usually synthesized from FMN by FAD synthetase [156]. FbFPs are based on light, oxygen, and 
voltage (LOV) sensing domains, which are a part of the Per-Arnt-Sim (PAS) superfamily of proteins. PAS 
proteins include phototropins as well as cryptochromes, which are known to bind FAD in addition to FMN 
[86, 91]. Based on these facts, we were curious to assess the specificity of FbFPs with respect to binding 
flavin isoforms. Interestingly, both EcFbFP and iLOV were shown to bind FAD as well as RF, characterized 
by a progressive appearance of holo FbFP emission spectra as in the case of FMN titration (Figures 32 and 
33). Strikingly, nonspecific binding to RF and FAD were characterized by smaller dissociation constants 
compared to FMN binding, indicating stronger association (Figures 32 and 33, Table 8). Furthermore, the 
circular dichroism (CD) spectra of apo FbFPs bound to FMN, FAD, or RF were highly similar indicating 
that the ligands did not substantially perturb the overall secondary structure of the proteins (Figures 32 and 
33).   
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7.3 Conclusions 
Our results show that the LOV domain fold in apo iLOV and apo EcFbFP displays moderate binding 
strength with FMN. Interestingly, binding is relatively nonspecific with respect to interactions with flavin 
isoforms, although they were not seen to bind more distantly related flavin-like molecules including 
thiamine, chloroquine, and fluorescein. Structural studies on iLOV have implicated the role of positively 
charged amino acids in the FMN binding pocket in anchoring FMN in the protein via electrostatic 
interactions (salt bridges) with the phosphate head group in FMN [102]. Our observation that iLOV 
associates with RF (nonphosphorylated) with a similar affinity indicates that electrostatic interactions with 
the phosphate head group may not be a major or a dominant factor in dictating the association between 
flavins and iLOV. Interactions between FAD and iLOV or EcFbFP are even more interesting as the FAD 
structure differs substantially from FMN and involves a hydrophobic adenine moiety. Facile binding 
between FAD and the apo FbFPs indicates that the binding pocket is relatively flexible in accommodating 
side chains at the N10 position in the isoalloxazine ring. Furthermore, as free FAD is only dimly fluorescent 
in aqueous solution owing to fluorescence-quenching stacking interactions between the isoalloxazine and 
the adenine rings, development of FbFP fluorescence upon FAD binding indicates that binding essentially 
stretches out the FAD molecule, thereby relieving the isoalloxazine-adenine stacking interaction [134, 135].  
Nonspecific binding between FbFPs and flavins also raises interesting questions on the nature of the 
holo forms of FbFPs in vivo. As iLOV and EcFbFP bind flavins with similar affinities, it would appear that 
upon cellular expression, these FbFPs would exist in 3 holo forms involving FMN, FAD, and RF. It is 
however more likely that the FMN-bound form would predominate as FAD and in particular RF are 
typically present in lower quantities in the cytoplasm than FMN. Finally, we note that our studies were 
conducted using FbFPs, which differ from the parent wild type LOV proteins by the incorporation of a Cys 
→ Ala mutation. Wild type LOV proteins bind FMN noncovalently and have been shown to covalently 
associate with FMN using in vitro studies. This covalent interaction forms the basis of the LOV photocycle 
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that regulates light-driven responses in cells. In this regard, it will be interesting to investigate the 
possibilities of LOV photocycling using alternative fluorophores such as FAD and RF.  
Overall, our work presents a general approach for the reversible deflavination of flavoproteins, which 
could be potentially extended to a broad class of flavoproteins in addition to FbFPs. In addition, we present 
important insights on the nature of FbFP-flavin association that could be useful for engineering new and 
improved FbFPs via mutational tuning of the protein binding pocket or the addition of alternate flavin-like 
small molecules.   
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Tables and Figures 
Table 8. Binding affinities between FbFPs and flavins 
S. No. Protein FMN FAD RF 
1 iLOV 121 nM 86.7 nM 51 nM 
2 EcFbFP 148.6 nM 64 nM 119.7 nM 
Binding strengths are measured as the dissociation constant as calculated in Chapter 2. 
 
Figure 30. Purification and deflavination of FbFPs. (A) Apo FbFPs were purified to near homogeneity 
using guanidine treatment of FbFPs immobilized on a nickel column followed by anion exchange 
chromatography. The representative gel (lanes 1-5) depict apo EcFbFP fractions eluted using a 1 M NaCl 
elution buffer from the anion exchange column. (B) FbFP deflavination resulted in loss of visible 
fluorescence for the apo form (left tube shows apo iLOV). Fluorescence was however readily restored by 
the addition of flavin mononucleotide (FMN) indicating rapid reconstitution to the holo form (right tube). 
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Figure 31. Binding of apo FbFPs to FMN. (A) Apo iLOV and (B) apo EcFbFP show a progressive 
development of the characteristic FbFP emission spectrum upon addition of FMN solution. (C) Increase in 
peak emission (measured at 495.07 nm) can be used to compute the binding isotherms for association 
between FMN and apo iLOV or apo EcFbFP. (D) Apo FbFPs have nearly similar CD spectra in the far-UV 
region of the spectrum compared to FMN-bound FbFPs, indicating that the deflavination process does not 
substantially alter the protein secondary structure, which would likely be manifest as a more disordered far-
UV CD spectrum. Apo-FbFPs are however characterized by the lack of a prominent shoulder in the CD 
spectrum around the 220 nm compared to holo-FbFPs, which possibly indicates a partial loss of the α-
helical structure upon deflavination, which is rapidly restored by FMN addition.   
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Figure 32. Binding of apo FbFPs to FAD (A) Apo iLOV and (B) apo EcFbFP show a progressive 
development of the characteristic FbFP emission spectrum upon titration of FAD solution. Emission spectra 
are identical to the emission spectra for FMN-bound FbFPs. (C) Increase in peak emission (measured at 
495.07 nm) can be used to compute the binding isotherms for association between FAD and apo iLOV or 
apo EcFbFP. (D) FAD-bound FbFPs have nearly identical CD spectra in the far-UV region of the spectrum 
compared to FMN-bound FbFPs, indicating that alternate flavin-based ligands, such as FAD do not 
significantly perturb the overall secondary structure of iLOV or EcFbFP. 
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Figure 33. Binding of apo FbFPs to RF (A) Apo iLOV and (B) apo EcFbFP show a progressive 
development of the characteristic FbFP emission spectrum upon titration of RF solution. Emission spectra 
for RF-bound FbFPs are identical to the emission spectra for FMN-bound FbFPs. (C) Increase in peak 
emission (measured at 495.07 nm) can be used to compute the binding isotherms for association between 
RF and apo iLOV or apo EcFbFP. (D) RF-bound FbFPs have nearly identical CD spectra in the far-UV 
region of the spectrum compared to FMN-bound FbFPs, indicating that alternate flavin-based ligands, such 
as RF do not significantly perturb the overall secondary structure of iLOV or EcFbFP. 
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CHAPTER 8 
CONCLUSIONS AND FUTURE DIRECTIONS 
Flavin-based fluorescent proteins define a new paradigm in fluorescence imaging as FbFPs represent a 
unique class of endogenous small molecule-dependent fluorescent tags, which is distinct from 
autocatalytically fluorescent GFP variants as well as exogenous small molecule-based tags. Importantly, 
anaerobic fluorescence in FbFPs coupled with the ubiquitous intracellular availability of the FMN 
chromophore is a key advantage for the versatile application of FbFPs in biological systems where imaging 
is particularly challenging due to the oxygen-dependent nature of GFP(s) and/or owing to cytotoxicity and 
membrane permeability issues associated with the majority of exogenous small molecule-based tags.  
Nonetheless, FbFPs are at a very early stage of development and a careful analysis of their performance in 
vitro as well as in a broad class of biological systems is essential for developing a rigorous understanding 
of FbFPs as a practical set of biological probes. In our research, we have attempted to address this challenge 
by undertaking a comprehensive in vitro characterization of biochemical properties of FbFPs as well as 
elucidating key biophysical insights on the development of fluorescence in FbFPs (Chapters 3 and 7). 
Furthermore, we have extended our in vitro studies by demonstrating application of FbFPs as dynamic 
reporters in a bacterial system. Our results indicate that FbFPs potentially integrate multiple advantages 
including a small size, thermal stability, rapid maturation of fluorescence, and a broad operational pH range. 
While preliminary studies have demonstrated the application of FbFPs in several anaerobic systems, in 
order to truly realize these key advantages of FbFPs, future studies should focus on a broader application 
of FbFPs in extremophilic systems including acidophiles, thermophiles, and alkaliphiles as well as for 
tracking large and/or poorly folded protein assemblies, which may be particularly recalcitrant to GFP-based 
fusions (e.g., viruses). In this way, FbFPs can fulfil a long standing need for viable imaging tools for 
extremophilic systems. A practical starting point towards addressing this goal could be proof-of-principle 
expression of the best known FbFP variants (e.g., iLOV, CreiLOV) as transcriptional reporters in several 
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extremophilic host platforms for which genetic systems and strong promoters are available (e.g. 
thermophilic Geobacterium glucosidasius, Bacillus, and Clostridium sp.). Analogous to our studies on 
FbFPs as transcriptional reporters (Chapter 6), comparative analyses between gene expression results 
derived using FbFPs as fluorescent proxies with results from real time and digital PCR or western blotting 
would be invaluable for evaluating the experimental bounds that govern practical application of FbFPs as 
cellular reporters. As extremophiles are attractive candidates as cellular factories for the production of 
several high-value bio-based chemicals, demonstration of FbFP-based imaging in these platforms will be 
of considerable interest for industrial-scale bioprocesses. In addition, FbFPs provide valuable tools for 
investigating temporal and spatial dynamics of adaptation to oxygen gradients that frequently occur in 
biofilms, fermenters, solid tumors, and even microbial colonies grown on Petri dishes. For example, we 
have had a long standing interest in applying FbFPs to probe anaerobic gene regulatory networks such as 
the response of facultative anaerobes to pulsed oscillations in oxygen concentrations.  
Despite the considerable promise of FbFPs, most known FbFPs suffer from important limitations in 
brightness, cellular expression, and photostability, which may limit the nature of problems amenable to 
FbFP-based labeling. For example, our studies show that while FbFPs are suitable transcriptional reporters, 
their application in vivo, typically requires strong promoters (Chapter 2). Furthermore, cellular expression 
of FbFPs, especially at high levels, may lead to varying degrees of metabolic burden likely due to its 
requirement for a key cellular cofactor, FMN. In addition, strongly reducing conditions (as is established 
using powerful reductants such as cysteine hydrochloride and/or sodium dithionite in combination with 
nitrogen sparging) can lead to reduction of the FMN chromophore and loss of FbFP fluorescence. As such 
conditions are often employed for the growth of highly stringent obligate anaerobes, such as methanogens, 
FbFP application in these platforms may pose problems. Nonetheless, it is noteworthy that application of 
GFP in its early stages of development was also often hampered by key disadvantages, including poor 
folding and maturation (several hours) and dim fluorescence at temperatures exceeding 20 °C, which is the 
natural temperature of the jellyfish habitat. To date, several GFP variants continue to display issues such as 
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poor folding, tendency to aggregate, slow maturation, pH sensitivity, as well as toxicity. From this 
perspective, FbFPs represent highly promising candidates for engineering and discovery using approaches 
such as directed evolution and genome mining, as is vividly illustrated by our success in engineering and 
discovering brighter and improved FbFP variants (Chapters 4 and 5). Importantly, the abundant 
representation of LOV-domains in sequenced genomes along with the natural diversity of LOV-domain 
sequences should motivate newer and more powerful approaches to protein engineering. For example, the 
lack of homology between FbFP sequences makes them interesting candidates for recombination-based 
shuffling using creative albeit infrequently applied strategies such as SHIPREC (sequence homology 
independent recombination). Based on our experience, we suggest that rational mutagenesis strategies 
involving targeted mutagenesis of FMN binding pocket amino acids or “insoluble” hydrophobic patches in 
FbFPs could be particularly useful for optimizing FbFPs for intracellular expression and fluorescence. In 
addition, expression of FbFPs in thermophilic or acidophilic hosts can be integrated with protein 
engineering using directed evolution to develop experimentally tractable extremophiles as robust, new 
platforms for screening mutant pools for enhanced thermal or pH stability in vivo.  Furthermore, high 
throughput mining of genomic and metagenomic libraries should reveal several new additions to the FbFP 
library, which would serve as important templates for understanding as well as improving FbFPs.  
Finally, we note that rigorous studies on the performance and characteristics of FbFPs will also reveal 
interesting new insights in the photophysical mechanisms of their parent LOV proteins. For example, the 
appreciable differences that exist in the biochemical and biophysical properties of FbFPs (Chapter 3) 
despite a high degree of structural homology raises interesting questions about the evolution of functional 
diversity in structurally conserved LOV domains. Furthermore, our research demonstrates that FbFPs (in 
particular iLOV and EcFbFP) appear to nonspecifically associate with flavins, including FMN, FAD, and 
RF (Chapter 7). It would be interesting to speculate on the nature of these interactions for wild type LOV 
proteins as well as the cellular and kinetic factors that govern the choice of the appropriate ligand despite 
relative promiscuity of the binding pocket.  Furthermore, our approach for deflavination and facile 
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reconstitution of FbFPs (iLOV and EcFbFP) should be readily applicable for the development of LOV-
based fluorescent proteins with alternate small molecule ligands, which would open up exciting new 
avenues for the development of new small molecule based probes and sensors. For example, apo iLOV or 
apo EcFbFP can be assayed for potential binding to a bright, red-shifted flavin-variant, known as 
roseoflavin. As roseoflavin is a cell permeable molecule that typically fluoresces only upon rigidification 
in protein binding pockets, this could represent a potential approach for the design of red-shifted LOV 
proteins with a high signal to noise ratio, especially if the LOV fold can be engineered to preferentially bind 
roseoflavin.  
In summary, our research provides a strong framework to understand, improve, and apply FbFPs as a 
nascent albeit rapidly emerging class of fluorescent tags. We anticipate that further engineering and 
continued development of FbFPs will be crucial for the development of a robust FbFP-based biological 
imaging toolbox that promises to “illuminate” our understanding of several biological systems of 
outstanding importance to medicine, environment, clinical, and industrial microbiology.    
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APPENDIX A 
LIST OF OLIGONUCLEOTIDES 
S. No. Oligonucleotide Sequence 
1 PpFbFP_fwd_BamHI GGATCCATGATCAACGCAAAACTCCTG 
2 PpFbFP_rev_HindIII AAGCTTTCAGTGCTTGGCCTGGCC 
3 EcFbFP_fwd_BamHI 
GTTTCTTCGGATCCATGGCGTCGTTCCAG
TCGTT 
4 EcFbFP_rev_HindIII 
GTTTCTTCAAGCTTTTACTCGAGCAGCTT
TTCATATTCCTTCTG 
5 iLOV_fwd_BamHI 
GTTTCTTCGGATCCATGATTGAAAAAAAC
TTTGTGATTA 
6 iLOV_fwd_NheI 
GTTTCTTCGCTAGCATGATTGAAAAAAAC
TTTGTGATTA 
6 iLOV_rev_HindIII 
GTTTCTTCAAGCTTTTATACGTGGTCAGA
ACCATCCAGC 
7 yfp_fwd_BamHI 
GTTTCTTCGCTAGCAGTAAAGGAGAAGA
ACTTTTCACTG 
8 yfp_rev_HindIII 
GTTTCTTCAAGCTTTTATTTGTATAGTTCA
TCCATGCCATG 
9 gfp_fwd_NheI 
GTTTCTTCGCTAGCATGAGTAAAGGAGA
AGAACTTTTCA 
10 gfp_rev_HindIII 
GTTTCTTCAAGCTTTTATTTGTACAATTC
ATCCATACCA 
11 phage λ-tetO promoter (+) strand 
TCCCTATCAGTGATAGAGATTGACATCCC
TATCAGTGATAGAGATACTGAGCAC 
12 phage λ-tetO promoter (-) strand 
GTGCTCAGTATCTCTATCACTGATAGGGA
TGTCAATCTCTATCACTGATAGGGA 
13 Synthetic ribosome binding site ATTAAAGAGGAGAAA 
14 rrnB2 transcriptional terminator AGAAGGCCATCCTGACGGATGGCCTTTT 
15 
PpFbFP_F37Xmut 
CGTCAACCCGGCCNNKGAGCGCCTGACC 
16 
PpFbFP_D52Xmut CGATATTCTCTATCAGNNKGCACGTTTTC
TTCAGG 
17 PpFbFP_A53Xmut GACGATATTCTCTATCAGGACNNKCGTTT
TCTTCAGGGCGAGGAT 
18 PpFbFP_R54Xmut TTCTCTATCAGGACGCANNKTTTCTTCAG
GGCGAGG 
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19 PpFbFP_Q57Xmut TCTATCAGGACGCACGTTTTCTTNNKGGC
GAGGATCA 
20 PpFbFP_R70Xmut GGGCATCGCAATTATCNNKGAGGCGATC
CG 
21 PpFbFP_N85Xmut 
GCCAGGTGCTGCGCNNKTACCGCAAAGACG 
22 PpFbFP_W94Xmut AGACGGCAGCCTGTTCNNKAACGAGTTG
TCCATC 
23 PpFbFP_Y112Xmut GACCAGCTGACCTACNNKATCGGCATCC
AGCG 
24 FbFP_SeqPrimer 
GCATCACCATCACCATCACG 
25 HmCMS1_f 
GTTTCTTCGGATCCATGGTCAACTCCATG
CAGGAGG 
26 HmCMS1_r 
GTTTCTTCAAGCTTCTACTCTTTCTGCTCG
GTAACA 
27 HmCMS2_f 
GTTTCTTCGGATCCATGCCGGTCGGCGTC
ACCATCA 
28 HmCMS2_r 
GTTTCTTCAAGCTTTCACTCGGTGGTATC
CTGCTGG 
29 HmCMS3_f 
GTTTCTTCGGATCCATGTTCGAGAACTCG
CCTGATA 
30 HmCMS3_r 
GTTTCTTCAAGCTTTCACTCCTTTCGCTCC
GTGATG 
31 MmCMS1_f 
GTTTCTTCGGATCCATGGCCGAAGCCATA
GTAGTCT 
32 MmCMS1_r 
GTTTCTTCAAGCTTTTACTCAGTGATATC
CGTGAGA 
33 MmCMS2_f 
GTTTCTTCGGATCCATGAACGAAGGTATA
TGGATACTT 
34 MmCMS2_r 
GTTTCTTCAAGCTTTTATTCGGTAATGTTT
GTAAGCAT 
35 MmarCMS1_f 
GTTTCTTCGGATCCATGGGTGACGGCATC
GTGTCTTATG 
36 MmarCMS1_r 
GTTTCTTCAAGCTTCTATTCCGTGATGTC
GCGGGCAATG 
 
37 MmarCMS2_f 
GTTTCTTCGGATCCATGGTCTTTGAAACG
GTCATCCACA 
38 MmarCMS2_r 
GTTTCTTCAAGCTTCTAAATGTCGCGGAT
AATTGACGTC 
39 HlCMS1_f 
GTTTCTTCGGATCCATGCCGATTGGTATT
ACCGTTTCGG 
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40 HlCMS1_r 
GTTTCTTCAAGCTTCTAATTCGTGATGTT
TTGCTGGTAA 
41 AbCMS1_f 
GTTTCTTCGGATCCATGGCCGAAGGTCTG
GTGGTTACGG 
42 AbCMS1_r 
GTTTCTTCAAGCTTCTATTCGCTAACGTC
GCGTTTCACGGCG 
43 AbCMS2_f 
GTTTCTTCGGATCCATGATCGTGGGTATT
TCTGTTGCTGAC 
44 AbCMS2_r 
GTTTCTTCAAGCTTCTATTCGGTGATGTC
CACAATGACCGC 
45 AbCMS3_f 
GTTTCTTCGGATCCATGCTGGTGGGTATT
GACACGACCGAC 
46 AbCMS3_r 
GTTTCTTCAAGCTTCTATTTCGTGATGTC
CAGAACAATACCCA 
46 TpCMS1_f 
GTTTCTTCGGATCCATGATTAACGCAATT
TTCAAGCATCTGC 
48 TpCMS1_r 
GTTTCTTCAAGCTTCTACGTAACGTCTTG
CACGACTTCC 
49 NmCMS1_f 
GTTTCTTCGGATCCATGCCGGTCGGTATT
GTGCTGACGG 
50 NmCMS1_r 
GTTTCTTCAAGCTTCTAGCGCGTGATTTC
ATGCTGGAAA 
51 NpCMS1_f 
GTTTCTTCGGATCCATGCCGGTGGGTGTG
GTGGTCGC 
52 NpCMS1_r 
GTTTCTTCAAGCTTCTATTCCGTGATATC
GGTTTGGAAA 
53 HuCMS1_f 
GTTTCTTCGGATCCATGCCGGTTGGCATC
ACCATCGCAG 
54 HuCMS1_r 
GTTTCTTCAAGCTTCTATTCCGTGATATC
TTGCTGGAAACCA 
55 AcvCMS1_f 
GTTTCTTCGGATCCATGCTGGAGCGCATT
GGCAAAA 
56 AcvCMS1_r 
GTTTCTTCAAGCTTCTAGCGATCGGGTAA
AATATCCGGC 
57 VafLOV1_f 
GTTTCTTCGGATCCATGGATAGCCTGATT
GCCCAGT 
58 VafLOV_r 
GTTTCTTCAAGCTTCTATTTGCGACGCAA
CATATTGGAT 
59 XaCMS1_f 
GTTTCTTCGGATCCATGATGCCTATGACT
GTGACCG 
60 XaCMS1_r 
GTTTCTTCAAGCTTCTACACATCCAGCTG
CGAGCCGAAA 
61 AsCMS1_f 
GTTTCTTCGGATCCATGCTGGCCACGACC
CTGGAA 
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62 AsCMS1_r 
GTTTCTTCAAGCTTCTACAGTTCTTTAGC
CGCTTCGTC 
63 CreiLOV_f 
GTTTCTTCGGATCCATGGCTGGCTTACGT
CACACGT 
64 CreiLOV_r 
GTTTCTTCAAGCTTCTACGCAAGTGCTTT
CCCCTCGGTT 
65 RsLOV_f 
GTTTCTTCGGATCCATGGATCAAAAACA
GTTTGAGA 
66 RsLOV_r 
GTTTCTTCAAGCTTTTATGTGCGACGCTG
CCACGCA 
67 AsLOV t51c 
GAAAAAAACTTTGTAATCACGGACCCGC
GTCTTCCG 
68 AcvLOV a21g 
TGCTGGAGCGCATTGGCAAGAGCTTTGT
GATCAC 
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APPENDIX B 
LOV-DOMAIN PROTEIN SEQUENCES 
> PpFbFP 
MINAKLLQLMVEHSNDGIVVAEQEGNESILIYVNPAFERLTGYCADDILYQDARFLQGEDHDQP
GIAIIREAIREGRPCCQVLRNYRKDGSLFWNELSITPVHNEADQLTYYIGIQRDVTAQVFAEERVR
ELEAEVAELRRQQGQAKH 
> EcFbFP  
MASFQSFGIPGQLEVIKKALDHVRVGVVITDPALEDNPIVYVNQGFVQMTGYETEEILGKNARFL
QGKHTDPAEVDNIRTALQNKEPVTVQIQNYKKDGTMFWNELNIDPMEIEDKTYFVGIQNDITKQ
KEYEKLLE 
> iLOV  
MIEKNFVITDPRLPDNPIIFASDGFLELTEYSREEILGRNARFLQGPETDQATVQKIRDAIRDQRETT
VQLINYTKSGKRFWNLLHLQPVRDQKGELQYFIGVQLDGSDHV 
> VafLOV 
MDSLIAQCSPEADTLLTDNPSKANRILEDPDYSLVKALQMAQQNFVITDASLPDNPIVYASRGFL
TLTGYSLDQILGRNARFLQGPETDPRAVDKIRNAITKGVDTSVCLLNYRQDGTTFWNLFFVAGLR
DSKGNIVNYVGVQSKVSEDYAKLLVNEQNIEYKGVRTSNMLRRK 
> CreiLOV 
MAGLRHTFVVADATLPDCPLVYASEGFYAMTGYGPDEVLGHNARFLQGEGTDPKEVQKIRDAI
KKGEACSVRLLNYRKDGTPFWNLLTVTPIKTPDGRVSKFVGVQVDVTSKTEGKALA 
> RsLOV 
MDQKQFEKIRGIFDRSGVALTLVDMSLSEQPLVLANPPFLRMTGYTEGRILGFNARFLQREGENE
QARADIREALSKGQETQVVLRNYRFSGERFDNLLFLHPVGGSIGHPDYFLGSQFELGRSGSSEQE
AAAGHAGALTRELARIGAVAARLEMDSRRQLADAAAALVRAWQRRT 
> NpCMS1 
MPVGVVVADPHEEDEPLVYINEAFERLTGYERHEVLGRNARFLQGEDTNPEAVATIRQAVDDRR
PVSVELLNYRKDGEPFWNQLNIAPIRDDDGRVTHLVGFQTDITE 
> HmCMS1 
MVNSMQEAACIYDAEDRFEIVNETIAEWYDTTRNELEGQTSRLVPRIRAEGETDCYQELLDGTRE
KLSGEIETEFPGHGHAVVAYQLTPLVVDGTIDGIVGVARDVTEQKE 
> HmCMS2 
MPVGVTITDPNQPDNPLIYANDHYRELTGYSLPELLGKNCRILQGENTDPEPVDALRDAIDAGEQ
VSVELRNYRKDGTEFWNRVRIAPVRDDDGTVVNYVGFQQDTTE 
> HmCMS3 
MFENSPDMIDVLDADGTICEVNQRFCAELGYDESEVLGRSIWEFDLMFDAEDVQTQLSGFSVDE
RRKFEGLYERRDGSTMSVEVHLLRFNLEGEDRFLAISRDITERKE 
> HlCMS1 
MPIGITVSDPSQPDNPLIQVNDGFCTLTGYDREEFLGRNARFLQGEATREETVAEMGAAIEAQEP
VTVDLRNYRKDGSMFWNRVTTIPIRDDSGTVSNFLGYQQNITN 
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> NmCMS1 
MPVGIVLTDSSLPDNPIVYANEKFYELTGYPEAEVLGRNARFLQGERTKQEPVDRMRAAIEAREP
ITTEVRNYRRDGTMFWNEVTIAPVDNSETPYFVGFQHEITR 
> HuCMS1 
MPVGITIADATAPDKPLIYVNDSFVEMTGYEKEDAIGVNARFLQGEGTDAETTLELREAVMDEQ
AAAVELRNYRADGSTFWNNLEISPIRDDDGTVTNFVGFQQDITE 
> MmCMS1 
MAEAIVVCDTTGRITYFSNTVSKVCKCDPAFKRFEDIIDIRFSEGKDAGKSILPVSSALKGDTILGL
EAILEYKSCQKFNQKLHLLLNSGPLRNSNGRIIGCVVTLTDITE 
> MmCMS2 
MNEGIWILDPEARITYVNQRMAEMLGYNHEEIIGRSAWDFTGDEGKEAAKQSMEKGKQRIDRD
HELKLISKNGTPLWTIVSAKALFDKDGNFMGSMKMLTNITE 
> MmarCMS1 
MGDGIVSYDLEGNIIDWNRGAERIYGYSADEIRGQNVSILMDEEEFERLRGLISEVRSGKLVSNFE
ARRFRKDGEEIWLSISLSPLKDVNGEIIGVSTIARDITE 
> MmarCMS2 
MVFETVIHNSPDGVITVNSEGIIVFSNPAADRMFGYTSLEGKRVDLLVPESLRDDLKAKMREYRM
EGEHELAGRVFETTSLRSDGTEFPVEMSLNPARTSGGLFLTSIIRDI 
> TpCMS1 
MINAIFKHLPVDITFIDKDDRVRFFSGGDRIFTRTPSVIGRPVQLCHPPKSVHVVNKILRAFKEGKK
DVAEFWIQMGGRFIHIRYFAVRDENGEYLGTLEVVQDVT 
> AbCMS1 
MAEGLVVTDINGTILFVNPGFTKMTGYSEEEAIGKNPRILKSGKQDRKFYENLWNTILSGRIWKG
SLINRRKDGTLYWEEMTIVPVKDNRGKITNFVAVKRDVSE 
> AbCMS2 
MIVGISVADISGILTFVNDRFADMLGYKKEELIGKSILEMTTENGRKVFQKMLDRRKEGLIDYYE
NVLVRKDGKIIYALINASPLRDANGNIIGTTAVIVDITE 
> AbCMS3 
MLVGIDTTDLDGNVTFVNDALAEMLGYRKEELIGKNILEVTTPKGKEILKHMLERRRKGFKDYY
ENELIRKDGKIIHALINAAPLKDENGKIVGTLGIVLDITK 
> AsLOV2 
MLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNARFLQGPETDRATVRKIRDAI
DNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIK
KTAENIDEAAKEL 
> AcvLOV2 
MLERIGKSFVITDPRLPDNPIIFASDRFLELTEYTREEVLGNNARFLQGRGTDRKAVQLIRDAVKE
QRDVTVQVLNYTKGGRAFWNLFHLQVMRDENGDVQYFIGVQQEMVAPRPVHQPPELPDILPDR 
> XaLOV 
MMPMTVTDPHLPDNPIVFANRAFLEMTGYAADEVIGNNARFLQGPETDPASISDVRESIESRREF
ATEVLNYRKDGSSFWNALFISPVFDDKGNLVYFFGSQLDV 
Alanine residues denoted in red in the above sequences are the result of the Cys → Ala mutation that was 
engineered in the LOV proteins in order to arrest the native photocycle. 
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